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 Chapter 1. General Introduction 
 
1.1 Porous Materials 
Porous materials, solid materials containing pores or voids in their interiors, have been 
playing important roles in both scientific and technological fields because of their 
specific interaction with guest atoms, ions and molecules.1 They have been used as, for 
example, catalysts, ion-exchangers and adsorbents. Development of new classes of 
porous materials or finding new functionalities of them have been opening doors for 
many new applications. The sizes, shapes and volumes of the pores, and atoms and 
molecules that construct them directly affect their functions. 
 
 The pores within porous materials are classified by the pore sizes, as 
micropores (with pore sizes below 2 nm), mesopores (with pore sizes in the range from 
2 nm to 50 nm) and macropores (with pore sizes above 50 nm), according to the 
International Union of Pure and Applied Chemistry (IUPAC) definition.2 Controlled 
pore structure, uniformity of pore sizes, volumes and shapes of the pore interior are 
crucial for their properties. To achieve the desirable porous structures, various methods 
have been developed. The micropore structures are formed, for example, through 
hydrothermal treatment and controlled assembly of molecular building blocks.3,4,5 The 
ordered mesoporous structures have been achieved mainly by using soft templates such 
as block copolymer micelles6,7,8,9 or hard templates such as polystyrene beads and 
inorganic nanoparticles.10,11,12 Mesoporous structures have also been prepared by 
controlled assembly of uniform colloidal particles.13,14 Macroporous materials have 
been formed via processes, for example, partial sintering, hard templating and technique 
including bubble formation.15 Secondary macro- and / or mesoporosity are often 
introduced to microporous structure to form hierarchal structure for overcoming 
problems such as restricted molecular diffusion and mass transportation in 
micropores.16,17 
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 Porous materials are also categorized by the types of the material which creates 
the walls of the pores. Various porous materials composed of inorganic, organic and 
inorganic-organic hybrid materials have been reported. Zeolites are major inorganic 
microporous materials and will be deeply described in section 1.2. Other examples of 
microporous inorganic materials include various phosphates, such as those of zinc, 
beryllium, gallium, indium, and tin with the same topology as zeolite or newly found 
topology with the contents.18 Among various inorganic mesoporous materials, such as 
metal (e.g. platinum,19,20 zinc,21 nickel and cobalt22) and metal oxide (e.g. niobia and 
titania23) mesoporous materials, mesoporous silicas are of particular importance because 
of their precisely controllable morphology, high stability and easily modified surface 
properties.24 They were firstly reported in the early 1990s by Kuroda group and 
researchers in Mobil Company, indevidualy.25,26 The most common mesoporous silica 
include MCM-41, MCM-48 and SBA-15, which have different pore sizes (2 to 10 nm) 
and structural characteristics (2D hexagonal and 3D cubic).27 The periodic mesoporous 
materials are new generation of ordered porous materials with open pores greater than 2 
nm, and have achieved remarkable drug/gene delivery systems, biosensors and 
bio-imaging applications.24 They have also been utilized as efficient supports for active 
metals such as platinum.28 
 Carbonaceous adsorbents are common organic based porous materials which 
can be obtained economically using low-cost materials such as coal and agricultural 
solid wastes.29 Activated carbons have been prepared via well-established activation 
method which produce high surface area and have been used as efficient adsorbents.30,29 
Ordered mesoporous carbons with defined pore structures have also been extensively 
studied due to their superior sorption and separation characteristics.31 Porous crystalline 
covalent organic frameworks (COFs), which are other type of carbon-based 
microporous materials, are defined as crystalline microporous organic structures which 
building blocks constructed solely from light elements (H, B, C, N, and O) are linked by 
covalent bonds.32 They are constructed by assembling reversible co-condensation 
reactions of the building blocks.33 They have shown remarkable activities in, such as, 
catalysis32 and gas storage34 due to their designable structures and properties, easy 
processing and low density. 
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 The inorganic-organic hybrid materials have recently been intensively studied 
because of their properties combining advantages of both inorganics (e.g. thermal and 
mechanical stability) and organics (e.g. flexibility and easily tunable functionality). 
Organosilicas are one major group of hybrid materials which usually made from 
R’Si(OR)3 or (RO)3Si–R’–Si(OR)3 monomers or various oligosiloxanes.35 Organosilicas 
with micropores can be formed as random silica network (aerogel and xerogel36,37) and 
more importantly, as ordered silicate structure. To form the latter ordered structure, 
bottom-up approach to build up small unit, such as, double four membered ring38,39,40 
and double three membered ring41 has been successful. Organosilicas with periodic 
mesopores are formed mainly by three ways; grafting, which modifies mesoporous 
silicas by R’xSi(OR)4−x type organosilans,42 co-condensation, which uses both Si(OR)4 
type alkoxysilane and R’Si(OR)3 type organosilans in the condensation process,43,44 and 
the method using bridged organosilans (RO)3Si–R’–Si(OR)3.45,46,47,48,49 Metal-Organic 
frameworks (MOFs) are another major hybrid porous materials with crystalline 
structures, which are formed by metal cations or clusters connected with organic linkers 
by coordinating bonds.50 Their desirable and tunable structures and contents of the walls 
have enabled various new application such as adsorption and separation materials,51 
sensors, catalysts52 and so on. 
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1.2 Zeolites 
Zeolites are crystalline microporous inorganic materials constructed from tetrahedrally 
coordinated TO4/2 primary units (where T is a tetrahedral atom such as Si, Al, Zn, and so 
on).1 The first observation of zeolite was reported in 1756 by Swedish mineralogist. It 
named from Greek words “zeo” (to boil) and “lithos” (stone) because it behaved as if 
boiling in blowpipe flame.53 Zeolites have been indispensable for several industries as 
adsorbents, ion-exchangers, and catalysts due to their unique crystalline structures, high 
(hydro)thermal stability, and several properties arising from their anionic frameworks. A 
zeolite is defined as an aluminosilicate, and molecular sieves with framework T atoms 
other than silicon and aluminum are not zeolites in strict speaking.53 However, it has 
been widely accepted to call the latter materials also as zeolites, therefore in this 
dissertation the term ’zeolite’ is used also for various metallosilicates. 234 types of 
zeolite topologies have been identified, which can be recognized by three-letter 
framework type codes defined by the Structure Commission of the International Zeolite 
Association (IZA-SC).54 The type codes with asterisks (*) and hyphens (-) mean that the 
topology contains polymorphs and interruptions, respectively. 
 In this chapter, the largest two classes of the zeolites; aluminosilicates and 
aluminophosphates, will be mainly described.  
 
 Since the first report of synthetic zeolites in 1862,53 various synthetic version 
of natural zeolites and synthetic zeolites with no natural analogues, which was first 
accomplished in 1948,55 have been synthesized artificially. In the early period, zeolite 
synthesis was attempted by mimicking geologic conditions with high temperatures (> 
200 oC) and pressures (> 100 bar).53 Then, in the late 1940s, synthesis of aluminum-rich 
LTA and FAU zeolites at around 100 oC and autogenous pressure was achieved using 
alkali cation and aluminosilicate gels.56 Those findings enabled the large scale synthesis 
of zeolites in early 1950s.53 The use of organic cation (e.g. tetramethylammonium for 
LTA zeolite synthesis57) fascinated synthesis of zeolite, especially those with high Si/Al 
ratio. Synthesis of aluminophosphate was reported in 1982, using acidic or mildly basic 
conditions and no alkali-metal ions.58 
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 The mechanisms of zeolite synthesis are very complex due to the complicated 
reactions and heterogeneous system. Ostwald's law states that the phase formed first is 
replaced by a thermodynamically more stable phase until the most stable phase is 
formed. Zeolites are thermodynamically metastable phases, therefore, formation of 
zeolites cannot be explained only by the thermodynamics, and kinetics must be 
considered. Even if a structure is thermodynamically unfavorable, it can be obtained in 
a condition where the energy barrier for the more thermodynamically stable phase is 
high enough. It has been reported that careful control of the kinetic factors enables 
formation of desired zeolite in a certain condition. For example, careful investigation of 
very early stages of zeolite synthesis in colloidal system enabled synthesis of ultra-small 
EMT zeolite from template-free colloidal precursors at 30 oC.59,60 Multiple stages of 
zeolite phase transformation have also been reported in aluminosilicate gels and phase 
changes involving LTA, FAU, GIS, ANA, SOD and CAL depending on synthesis 
temperature and time was identified.61 The sequence of stages progressed from low to 
high density structures (increasing thermodynamic stability), in accordance to the 
Ostwald's rule.61 
  
Two major mechanisms of the zeolite formation have been proposed; the 
solution-mediated transport mechanism and the solid-phase transformation 
mechanism.53 The former involves diffusion of silicate and aluminate species from the 
liquid phase to the nucleation site (e.g. synthesis of MOR zeolite from clear solution62). 
The latter case suggests that the solid hydrogel reorganizes to form zeolite structure (e.g. 
synthesis of FER and MFI zeolite from non-aqueous mixture63). It is quite difficult to 
distinguish the mechanisms except for the extreme cases, and it differs depending on the 
types of raw materials or other reaction conditions.64 
 In either cases, the zeolite crystallization has been described in the mechanistic 
pathways, including induction period, nucleation, and crystal growth.3 Induction period 
is the time between the starting time of the reaction and the time crystalline product is 
firstly observed (usually by X-ray diffraction analysis). This period can be divided into 
three subunits: relaxation time, which is required for the system to establish distribution 
of silicate and aluminate species by mixing the chemicals and rising reaction 
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temperature, the time for the formation of a stable nucleus, and the time for the nucleus 
to grow to a detectable size.3 In the relaxation time, the non-equilibrium ‘primary 
amorphous phase’ is considered to be converted to ‘quasi-steady-state phase’ or 
‘secondary amorphous phase’, and regarded as very crucial period to determine the 
activation energy for crystallization process and obtained zeolite.3,65 In the nucleation 
period, progressive ordering of the secondary amorphous phase is proceeded by 
breaking and connecting the T-O-T bonds by hydroxyl ion and related condensation 
reaction.3,66 A crucial role in the ordering process is also played by the cations in the 
synthesis mixtures (vide infra). The nucleation step is considered to require high 
activation energies.67,68 Finally, in the period of crystal growth, the nuclei increase in 
size via repeated cation mediated addition of silicate units. The activation energy of the 
crystal growth is considered to be lower than that in the nucleation period.69 
 
 As mentioned above, cations are not only the source to provide hydroxyl ions 
for fascinating the reactions, but play a crucial role in the zeolite synthesis as 
structure-directing agents. Structure-directing effect by the hydrated alkali-metal cations 
is proposed to involve the ordering of water around the cations with subsequent 
displacement by silicate and aluminate species to form regions of micro organization, 
which leads nucleation centers.53 It was proposed that cation-water complexes stabilize 
small aluminosilicate anions that are responsible for forming zeolite structures through 
electrostatic and steric factors.53,3 Use of cations other than alkali-metal cations has also 
been studied. For example, alkaline-earth-metal cations Ca2+, Sr2+, and Ba2+ produced 
synthetic counterparts of natural zeolites like harmotone (PHI), however, the relatively 
low solubilities of these ions (e.g. Ca2+) in aqueous media limits the available 
composition ranges.53 The scheme of cation-mediated assembly is depicted in Figure 
1-1.3 
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Figure 1-1 The basic mechanism for the cation-mediated assembly of ordered regions: (a) 
nomenclature and symbolism; (b) details of in-situ construction process by addition of solution 
units to a surface site.3 
 
 In addition to the use of inorganic cations, use of various organic 
structure-directing agents (OSDAs) have greatly broaden the structure and composition 
of available zeolites.4,57,70 By the use of OSDAs, high-silica zeolites71,72 and zeolites 
with extra-large pores (greater than 12-membered ring)73,74,75 have been successfully 
obtained. The structure-directing mechanisms of OSDAs were investigated in the 
synthesis of pure-silica zeolites and a hydrophobic hydration model have been proposed 
(Burkett-Davis model, Figure 1-276). In the model, a key step of structure-direction is 
explained as the replacement of water molecules in the hydration sphere of 
tetrapropylammonium (TPA) cation by silicate species through favorable overlap of 
hydration sphere around TPA and hydration domains of silicate to form 
inorganic-organic composite species.77 The release of water molecules from the ordered 
hydrophobic hydration spheres into the bulk and subsequent favorable van der Waals 
interacts between the TPA and hydrophobic silica provide the entropic and enthalpic 
driving forces for the composite formation.76,78,79 
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Figure 1-2 Proposed mechanism of structure direction in the TPA-mediated synthesis of 
pure-silica MFI zeolite (silicalite-1).76 
 
 Pure silica zeolites which are composed of only SiO2 do not contain framework 
charge because silicon is tetravalent. On the other hand, introduction of other elements 
such as aluminum to zeolite frameworks forms negatively charged oxide frameworks 
(one negative charge is generated per framework A1(III) atom) that require 
extra-framework cations. Typical cations in natural zeolites are alkali metals, e.g. Na+, 
K+, and alkaline earth metals, e.g. Ca2+, Ba2+, and synthetic zeolites contain both 
inorganic and organic cations, e.g. quaternary ammonium ions. Those cations in zeolites 
can be exchanged by other cations. Therefore, zeolites are used for separation and 
purification applications (e.g. builders in detergent for removal of Ca2+ and Mg2+,80 
absorbents for capture and storage  of radioactive ions81). The ion-exchanged metals 
can act as active sites in various catalytic applications, for example, zeolites exchanged 
with Cu2+ and Fe2+ are used as automobile catalysts to remove NOx.
82,83 Ion-exchange 
with ammonium ions and subsequent heating to decompose NH4
+ to NH3 and H
+ 
introduce Brønsted acid sites to zeolites. Ultra-stable zeolite Y with those Brønsted acid 
sites have widely been used in fluid catalytic cracking of heavy petroleum 
distillates.84,85  
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1.3 Zeolites with Various Heteroatoms 
Zeolites with partial substitution of various heteroatoms other than aluminum in their 
frameworks have been intensively investigated due to their special properties such as 
new active sites that can catalyze various reactions, depending on the type and 
environment of the heteroatoms.86,87 
The properties of metal-substituted zeolites strongly depend on the type of 
heteroatom, zeolite framework and the synthesis conditions of zeolites. In this section, 
examples of metallosilicate zeolites and their properties, and several ingenious schemes 
in synthetic methods to incorporate the metal species to the zeolitic framework is 
described. 
 
 One of the important aspects is that introduction of isolated heteroatoms such 
as Sn, Ti, and Hf in zeolite frameworks generates isolated Lewis acid sites in zeolites. 
Shape-selectivity and support-induced stabilization of transition states or intermediates 
due to the zeolite pores comparable to those of reactant molecules greatly improve the 
catalytic activities.88,89,90 Higher acid site stability with lower tendency of thermal 
sintering into bulk oxides compared to the metal sites on amorphous silicas is also a 
great advantage.91 Especially, they have shown remarkable activity in water because of 
the hydrophobicity of the zeolite can prevent competitive adsorption of water on acid 
sites.92,93 The Brønsted acidity of zeolites is also significantly affected by the type and 
environment of incorporated metals. For example, difference in properties of proton 
between MFI zeolites with incorporated Al(III), Ga(III) and B(III), respectively has 
been reported by using 1H MAS NMR.94 
   
 Crystallization of zeolites under near neutral conditions using fluoride ions (F-) 
as mineralizing agents opened the door for the introduction of metal species that are 
poorly soluble in basic media, such as Ti.95 Titaniumsilicalite-1 (TS-1) with MFI 
topology is one of the most prominent Ti containing zeolites which has been utilized as 
an oxidation catalyst in various chemical processes such as phenol hydroxylation or 
propylene epoxidation using H2O2.
96,97 To increase the Ti content, it has been reported 
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that harmonizing hydrolysis rates of titanium alkoxide and silicate species with 
nucleation and crystal growth rates of zeolite is of great importance.98 Addition of 
(NH4)2CO3 to the synthesis mixture decreased the pH and reduced the crystallization 
rate, therefore Ti incorporation rate and crystallization rate became comparable, and the 
Si/Ti ratio was decreased from 58 to 34 without formation of extra-framework Ti 
species.98 Titanosilicate zeolites with large pores, such as *BEA and Y zeolites, were 
firstly achieved by post-synthetic treatment using TiCl4, however, the oxidation 
activities of those zeolites were poor probably because Ti atoms were not properly 
incorporated in the frameworks.97 Titanoaluminosilicate99,100 and titanosilicate101 *BEA 
zeolites were then synthesized in OH- media based on seeding procedures. They showed 
high activities in selective oxidation of large molecules with H2O2.
100,101 It should be 
noted that titanosilicate *BEA zeolites prepared in OH- media had a large number of 
internal silanol groups since the charge of organic structure directing agent (OSDA), 
TEA+, was balanced by SiO- groups, which yield Si–OH after elimination of TEA+.101 
Defect free Ti-*BEA can be prepared in F- media since TEA+ would be neutralized by 
F-.102,103 
 Zeolites with Sn in their frameworks have also been intensively studied 
because of the good redox and Lewis acid properties. The Sn containing zeolite was 
first attempted to be synthesized as MFI structure with Si/Sn ratios between 33 and 
133.87,104 Sn was effectively incorporated only when the Si/Sn ratio is higher than 40, 
otherwise extraframework hexacoordinated species were formed. It was reported that 
order upon which the silica and Sn sources and the structure-directing agent were added 
in the synthesis gel strongly affected the crystallinity, particle size and Sn environment 
(Figure 1-3).87,105 Large particles with poor crystallinity together with a considerable 
amount of SnO2 were formed when SnCl4 was added at last. It was likely because 
silicon polymerization was advanced when the Sn source was introduced and therefore 
Sn cannot be fully incorporated into the silicate structure.87,105 
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Figure 1-3 Procedures for the preparation of Sn-MFI zeolites and their impact on the 
morphology, Sn speciation and catalytic activity.87 
 
 Synthesis of Sn-*BEA was achieved by using dealuminated *BEA seed crystal 
in OH-media,106 following the success of pure silica *BEA synthesis by seeding 
method.107 It was assumed that *BEA could not nucleate in the absence of trivalent 
cations such as Al3+ or B3+.108 Sn-*BEA with improved crystallinity was prepared by 
fluoride mediated procedure with seed crystals and long crystallization time.90 Increase 
in the Sn content (0, 1 and 1.8 wt%) led an increase in the crystallization time (4, 7 and 
60 days, respectively), and changes in crystal morphology to plates with higher Sn 
concentrations in the outer shells.109 
 Top-down approaches have also been conducted to introduce various metals in 
the zeolite frameworks. In the method, a metallosilicate zeolite was treated to generate 
vacancies in the framework, and insertion of desired metal species is conducted (Figure 
1-4(a)). Both gas-phase, such as TiCl4, AlCl3, GaCl3 vapor,
110 and liquid-phase, such as 
Sn(II) acetate solution,111 treatments have been successfully applied. Desilication based 
leaching rather than dealumination has also been found to be a promising method to 
introduce metals in a one-pot manner (Figure 1-4(b)).112 
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Figure 1-4 (a) Two-step and (b) one-step post-synthetic approaches for the preparation of 
metal-containing zeolites.87 
 
 It has been reported that the coordination states of the metal sites in zeolites 
significantly affect their catalytic activity. For example, isomorphously substituted Sn 
site connected to four silicon atom (so called closed site) and partially hydrolyzed Sn 
site (so called open site) in Sn containing zeolites have reported to show different 
activity (Figure 1-5). It has been reported that the partially hydrolyzed Sn site is more 
active in catalysis due to the enhanced Lewis acidic property (e.g. Sn-MFI for 
isomerisation of glyoxal and dihydroxyacetone to glycolic and lactic acid113,112).88 
 
 
Figure 1-5 Isomorphously substituted (site A) and partially hydrolyzed (site B) tin sites.88 
 
 As was also mentioned above, the substitution by metal species in zeolite 
framework have been achieved by selecting appropriate precursors and reaction 
conditions. In the following sentences, various methods established to broaden available 
composition of zeolite frameworks (i.e. type and amount of incorporated metals) are 
further described. 
 Addition of agents to stabilize and mobilize the metal ions in the solution via 
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complexation is effective to prevent hydrolysis of metallic ion species before their 
incorporation into zeolite crystals.114 Acetylacetone and oxalic acid was investigated as 
chelating agents for the preparation of Fe, Co, and Mn containing zeolites.115,116 Citric 
acid was also used to form complex with Zn2+ species in the synthesis of MOR to 
prevent formation of oxides or hydroxides of zinc.117 
 Methods to prepare composite of silicon and other metal species prior to 
hydrothermal treatment have also provided a successful route to various 
metal-containing zeolites. For example, through acidic hydrolysis and condensation of 
silica precursors and alkali earth metal (Ae) salt, composite with desirable 
Si–O–Ae–O–Si linkage was formed.118 The lower reaction rate allowed more 
opportunities for isolation and dispersion of metal ions and prompted the bond 
formation between metal ions and silanol groups.118 By using the precursor, a direct 
hydrothermal synthesis of MFI zeolite with Mg, Ca, Sr and Ba was achieved (Figure 
1-6).118 Mechanochemical treatment has also been reported to be an effective method to 
prepare mixed silica and metal oxides by mechanical forces for the synthesis of 
metal-containing zeolites. For synthesis of Ti-MFI and Ti-*BEA zeolites, TiO2 and 
fumed silica were treated by a planetary ball mill to obtain a composite material of Ti, 
Si, and O, which was subsequently used in hydrothermal treatment.119,120 Mn containing 
MFI zeolite was also prepared by the same strategy.121 
 
 
Figure 1-6 Schematic diagram of the synthesis procedure for alkaline-earth metal 
framework-substituted MFI zeolites.118 
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1.3.1 Zeolites with Zinc 
Zinc is a common metal as Lewis acid site both in homogeneous122,123 and 
heterogeneous catalysts.124 Unlike the other first row transition metals (e.g., Mn2+, Fe2+, 
Co2+, Ni2+ and Cu2+), the zinc ion (Zn2+) has a filled d orbital (d10) and does not 
catalyze redox reactions but functions as a Lewis acid to accept a pair of electrons.125 
Because of the lack of redox activity, Zn can be considered as a suitable metal for 
reactions that require a redox-stable site to function as a Lewis acid site, such as 
proteolysis and the hydration of carbon dioxide.126 Zn coordination observed most often 
is a slightly distorted tetrahedral (e.g. zinc metalloenzymes), and five-coordinated 
distorted trigonal bipyramidal geometry.125 Bulk ZnO has been shown to activate 
hydrogen, hydocarbons, and olefins through a heterolytic cleavage.127 The active site 
has been proposed to be a defect site.128 By dehydration of two adjacent Zn−OH groups 
in the defect sites at elevated temperature to evolve H2O, Zn−O−Zn site was formed, 
and hydrogen was thought to dissociate on the low coordinate Zn ions, forming Zn−H 
and a Zn−OH sites.128 Amorphous silica materials with isolated Zn sites have been 
reported to be efficient catalysts for alkane dehydration.124 The dehydrated Zn sites 
datively coordinate an oxygen of a neighboring silanol.129 
 In the case of zeolite-base catalysts, Zn2+ exchanged aluminosilicate zeolites 
have been used as catalysts for, for example, alkane activation under non-oxidative 
conditions via heterolytic dissociation of the C-H bonds over Znδ+-Oδ- 130,131 and 
hydroamination reactions.132 Those Zn2+ cations located in the ion-exchange sites of 
zeolites have been demonstrated to have very strong interactions with Lewis basic 
molecules such as acetonitrile and pyridine, with characteristic desorption temperatures 
higher than those observed in other Lewis acidic zeolites containing Ti, Zr, or Sn.91,133 
For those Zn2+ exchanged aluminosilicate zeolites, the Lewis acidic Zn sites are formed 
together with Brønsted acidic sites generated by unchanged Al sites in the zeolite 
frameworks, thereby providing bifunctional features suitable for several reactions such 
as conversion of light alkanes to aromatics.131,134 Although the bifunctional property is 
desirable for some reactions, the presence of residual Brønsted acidity sometimes causes 
undesired side reactions and catalyst deactivation. 
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 Therefore, zincosilicate zeolites with zinc in their frameworks is recently 
attracting increasing attention because of the strong Lewis acidity with the absence of 
Brønsted acidity. Based on FT-IR analysis using deuterated acetonitrile as a probe 
molecule, existence of different zinc sites is suggested (Figure 1-7).91 CIT-6, a 
zincosilicate *BEA zeolite, showed high adsorption energies of Lewis basic molecules, 
and enable reactions previously not possible with Sn-, Ti- and Zr-zeolites, such as 
Diels–Alder cycloaddition–dehydration reactions of ethylene and dimethyl ester of 
furan-2,5-dicarboxilic acid to produce dimethyl terephthalate. (Figure 1-8).91 From 
computational studies, it was suggested that the Zn incorporation into the zeolite 
framework is likely not through covalent bonding to framework oxygen atoms but 
rather through ionic bonding.135 
 
 
Figure 1-7 Proposed framework Zn site structures in zincosilicates. M+ is a monovalent cation, 
such as alkali or alkyl ammonium.91 
 
Figure 1-8 Full Diels–Alder cycloaddition–dehydration reaction diagram for dimethyl ester of 
furan-2,5-dicarboxilic acid as a substrate.91  
 
 Zincosilicate zeolites have also been focused on because of their features to 
promote three membered ring (3MR) formation. It have been reported that zeolite 
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structures built up from small rings, such as 3MR and 4MR, are expected to exhibit low 
framework density, which will address diffusion limitations in micropore channels.136 
VPI-7 (structure code: VSV) is a first synthetic zincosilicate zeolite with 3MR prepared 
in the presence of sodium and TEABr (not incorporated into the product) by 
hydrothermal treatment at 200 oC for 12 days.137 VPI-8 (VET) is a high-silica 
zincosilicate zeolite with unique 12MR pore system with novel ‘pinwheel’ building unit 
synthesized by using pore-filling TEA+ cation and lithium.138,139,140 VPI-9 (VNI) is 
prepared in the presence of Rb and composed of two types of layers joined via isolated 
tetrahedra.141 The Zn atoms in the framework of VNI are all associated with 3MR.141 
Use of Cs gave a zincosilicate analog of analcime (ANA).142 RUB-17 (RSN) was 
prepared by using both Na+ and K+, and the topology was revealed to have a projection 
in common with VSV topology with 3MR, 8MR and 9MR.143 There are no pure-silica 
or aluminosilicate analogs for the high-zinc-content zincosilicates, VPI-7, VPI-9, 
VPI-10, and RUB-17. In the high-zinc series of zincosilicate zeolites, the type of 
inorganic cation is crucial to determine the phases. Zincosilicate analogue of sodalite 
zeolite (SOD) was prepared using TMA+ and Na+ (both as β-cage occupancies with the 
(TMA+ + Na+ )/2Zn ratio of almost 1) with Si/Zn = 6–7.144 
CIT-6 is a zincosilicate analog of zeolite beta, which was first synthesized in 1999 from 
clear hydrogels containing Li, Zn and tetraethylammonium hydroxide (TEAOH).145,146. 
With longer synthesis time, VPI-8 is nucleated on the surface of CIT-6 crystals, which 
disappear finally.147 It has been demonstrated that CIT-6 can be transformed to a pure 
silicate and subsequently be modified to an aluminosilicate through the insertion of 
aluminum into locations formerly occupied by zinc.145 
 
 The crystallization process of zincosilicate zeolites, especially the process of 
3MR formation, and position of zinc in the zeolite topology have been investigated. 
Beryllo- and zincosilicates have reported to form topologies that contain 3MR. 3MRs 
have small T-O-T angles (130o) that are relatively unstable in pure-silicate or 
aluminosilicate frameworks.144 Aluminosilicate zeolite with 3MR is reported to be only 
ZSM-18, synthesized using a very specific organic template.148 Some zincosilicate 
zeolites contain the unit named lov (spiro-5) composed of two 3MR rings sharing one 
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vertex (Figure 1-9 left). The spiro-5 unit has been found in beryllosilicate lovdarite 
(LOV), with beryllium both in the center and the vertices,149 and zincosilicate VPI-7 
with zinc located at the vertices.150 zincosilicate RUB-17 also contains spiro-5 unit, but 
the position of zinc is not known (Figure 1-9).149 It have been revealed that the 3MR 
was formed during the induction period prior to other larger units in the crystallization 
of some zincosilicates such as RUB-17149 and VPI-7.151 It was assumed that 3MR 
formation during the induction period is the key step for the nucleation process of the 
3MR containing-zincosilicate zeolites by some methods such as Raman 
spectroscopies.149,151 Raman spectroscopies have been useful tool to determine the ring 
distribution in the product, although it is not always possible because the characteristics 
of isolated rings are lost when the clusters are embedded in a three-dimensional 
continuous oxide framework.142 
 
 
Figure 1-9 Close view of the lov (spiro-5) building unit (a) in the RSN framework (b) 149 
 
 In contrast to the substitution by tetravalent metals (such as Sn(IV) and Ti(IV) 
shown in the previous section), which do not generate framework charge, substitution 
by trivalent (such as Al(III)) or divalent (such as Zn(II)) metals to zeolite frameworks 
forms negatively charged oxide frameworks that require extra-framework cations. The 
ion-exchange property due to the charged framework is one of the most important 
properties of zeolites, especially for separation and purification applications.80,81 In 
addition, the ion-exchanged metals are effective active sites in various catalytic 
applications.82,83 Ion-exchange with ammonium ions and subsequent heating to 
decompose NH4
+ to NH3 and H
+ introduce Brønsted acid sites to zeolites.84,85 Those 
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extra framework cations have important roll to modify the properties of zeolites and 
find new applications. While one negative charge is generated per framework trivalent 
metal, two negative charges are generated per divalent metals incorporated in the 
framework in four coordination. Since zinc is a divalent ion, isomorphous substitution 
of Si(IV) by Zn(II) can generate two negative charges per framework zinc.152 The two 
charges per the atom enable divalent cation exchange in 1 by 1 ratio leaving no unpaired 
charge centers like aluminosilicate zeolites (Figure 1-10).152 Therefore, zincosilicate 
zeolites have been considered as an efficient platform for stabilization of 
extra-framework divalent cations (at ion-exchange sites). Divalent cation-exchanged 
zeolites such as Cu(II)- and Fe(II)-exchanged zeolites have been found to be promising 
catalysts for several important reactions, for example, selective catalytic reduction of 
nitrogen oxides153 and methane conversion.154 Also, unexchanged zinc sites are shown 
to exhibit significantly reduced acidity relative to the aluminum sites.155 The absence of 
strong Brønsted acidity provides advantages to reduce side reactions and catalyst 
deactivation.152 Catalytic activity of Ni2+ exchanged zincosilicate *BEA zeolite (CIT-6) 
was demonstrated in propylene oligomerization, and it showed higher selectivity into 
C3n products compared to aluminosilicate *BEA zeolites likely because the reduced 
Brønsted acidity.152 CIT-6 with Pt species introduced by ion-exchange method showed 
high activity in propane degydrogenation.156 The high negative charge density of 
zincosilicate VPI-9 also lead high ionic conductivity arising from the charge-balancing 
cations.157 
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Figure 1-10 Schematic image of ion-exchange sites in (a) zincosilicate and (b) aluminosilicate 
zeolites.  
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 The attempts to prepare efficient zeolites for divalent ion-exchange have been 
also conducted by focusing on paired Al sites in aluminosilicate zeolites. The paired Al 
sites are defined as local Al–O–(Si–O)n–Al sequences (n = 1 or 2) which is close 
enough to accommodate a divalent cation.158 The fraction of Al in Al–O–Si–O–Al 
sequences are generally reported to be low (e.g. less than 5% in ZSM-5159), therefore, 
most of Al pairs are considered to be represented by Al–O–(Si–O)2–Al sequences.158 
The ratio of Al in pairs have been hard to calculate by direct experimental method. For 
example, 29Si MAS NMR can only distinguish Al–O–Si–O–Al sequence. Recently, 
however, a method to estimate the fractions of Al pairs by using ion-exchanged Co2+ 
ions as probes for the Al pairs have been developed.158,160 The concentration of Co2+ at 
the individual cationic sites reflects the spatial distribution of Al pairs.158 By using the 
method, several synthetic methods have been shown to be effective to increase the ratio 
of paired Al sites.161 For example, MFI zeolites prepared with Al(OH)3 or metallic Al 
were shown to contain higher fractions of paired Al (more than 50%) than that prepared 
using AlCl3, Al(NO3)3, Al2O3, Al-tri-sec-butoxide (7−33%).162 On the other hand, 
ZSM-5 prepared by using different Si sources (tetraethoxyorthosilicate, fumed silica, 
colloidal silica, sodium silicate) contained similar paired Al fractions.163 Increase in the 
amount of Na+ in the synthetic gel resulted in lower paired Al fractions.162,164 The 
presence of anions of decreasing polarization ability (OH- > Cl- = PO4
3- > NO) leading 
to a lower positive charge on the N atom, results in a decreased population of Al 
pairs.162 In the synthesis of CHA zeolites, it was reported that the fraction of Al in pairs 
can be increased by using equimolar amount of Na+ together with 
N,N,N-trimethyl-1-adamantylammonium cation (TMAda+). However, the paired Al 
densities cannot be increased more than that in random Al distribution at most (e.g. 
fraction of Al in pairs is reported to be ca. 17% for CHA with Si/Al = 15).165 
 Taken together, fractions of paired Al can be increased by carefully tuning the 
synthetic conditions, however, existence of isolated Al cannot be avoided in the 
synthesis of aluminosilicate zeolites even in the zeolites with high Al contents. Presence 
of isolated Al is suitable for stabilization of oxo-species of divalent cations, which are 
sometimes undesired. In addition, isolated Al sites can remain as Brønsted acid sites 
when counterbalanced by protons and hence cause side reactions and catalyst 
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deactivation. Therefore, the innate absence of Brønsted acidity and high ion-exchange 
ability for multivalent cations make zincosilicate zeolites preferable candidates for 
certain applications compared to existing aluminosilicate zeolites. 
 
 The zinc site four coordinated by framework lattice oxygen, so-called “closed” 
sites, create two negative charges, which is suitable for stabilization of bare divalent 
metal cations (Figure 1-7). On the other hand, Zn sites which is coordinated with a OH 
group atoms in the zeolite framework, so called “open” sites, are monocation 
ion-exchangeable sites and have been considered as active Lewis acid sites.91 To target 
the ion-exchange of divalent metals, zincosilicate zeolites rich in the closed zinc sites 
are preferable because of the two negative charge enable the divalent cation exchange in 
one by one ratio. On the other hand, for the use as Lewis acid catalysts, zincosilicate 
zeolites with more open sites would be desirable because of the stronger Lewis acidity91 
and better accessibility to the sites by the reactant molecules. Therefore, the desirable 
zinc environment differs depending on the targeted use. 
 As described above, the zinc in zeolite framework can be considered as 
ion-exchange site or Lewis acid site. On the other hand, the Zn2+ cations, which are 
stabilized as extra framework cations at ion-exchanged site, have also been considered 
as strong Lewis acid catalysts for, for example, alkane activation under non-oxidative 
conditions via heterolytic dissociation of the C-H bonds over Znδ+-Oδ- 130,131 and 
hydroamination reactions.132 91,133 In the case of those Zn2+ exchanged aluminosilicate 
zeolites, the Lewis acidic Zn sites are formed together with Brønsted acidic sites 
generated by unchanged Al sites in the zeolite framework, thereby providing 
bifunctional features suitable for several reactions such as conversion of light alkanes to 
aromatics.131,134 Although the bifunctional property is desirable for some reactions, the 
presence of residual Brønsted acidity sometimes causes undesired side reactions and 
catalyst deactivation. Therefore, zincosilicate zeolites with zinc in their frameworks is 
desirable for certain application which requires strong Lewis acidity in the absence of 
Brønsted acidity. 
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1.4 Scope and Overview of This Dissertation 
As described above, zinc-containing zeolites possess several unique features that cannot 
be found in other zeolites, such as, characteristic Lewis acidity and outstanding 
ion-exchange ability, which make the zinc-containing zeolites promising alternatives in 
various applications especially catalysis. However, introduction of zinc atoms to zeolite 
frameworks is difficult due to the different reactivity of zinc species compared to silicon 
and aluminum, resulting in formation of zinc oxide or hydroxide species out of zeolite 
frameworks. The longer Zn–O bond length (ca. 2 Å), compared with Si–O (ca. 1.6 Å) 
also makes the synthesis of zinc-containing zeolites difficult because significant 
distortion of the frameworks would inhibit the crystallization. These obstacles inhibit 
broadening available zeolite topologies and content of zinc-containing zeolites, 
therefore, in spite of the promising characteristics, there have been reported only about 
10 framework types of zincosilicate zeolites among 232 zeolite framework types. 
 The objective of this dissertation is to develop synthesis methods for 
zinc-containing zeolites in various conditions with a focus on mixing method of raw 
materials. Figure 1-11 shows the structure of this doctoral dissertation. This dissertation 
describes the important factors to accomplish zinc introduction to zeolite frameworks in 
various conditions and aims to broaden available zeolite topologies and content of 
zinc-containing zeolites. In Chapter 1, a general background of porous materials, 
especially zeolites, is described. Then, researches about various metal containing 
zeolites and zinc-containing zeolites are briefly summarized. In Chapter 2, 
co-precipitation method is demonstrated to be an alternative method to prepare 
zinco(alumino)silicate gels with highly dispersed zinc species in silicate structures. The 
homogeneous gel was used for the synthesis of zinc-containing MOR zeolites with the 
expectation that zinc species already in the silicate structure can react with silicate 
easily to form zincosilicate zeolite framework. The successful zinc introduction to MOR 
framework without using any organic substances revealed the importance to prepare the 
homogeneous gel before hydrothermal treatment. Importance of aluminum species in 
the synthesis was also suggested. In Chapter 3, applicable scope of the zinc-containing 
zeolite synthesis using the co-precipitated gels was aimed to be broaden based on 
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‘composite-building unit (CBU)’ hypothesis, which has been developed as a strategy to 
achieve OSDA-free synthesis of aluminosilicate zeolites. Based on the hypothesis, 
*BEA and MFI zeolites which have same CBU as MOR zeolites were selected as target 
zeolites. By addition of the seed crystals of *BEA and MFI zeolites, synthesis of 
zinc-containing *BEA and MFI zeolites were achieved in a same manner as the 
synthesis of MOR zeolites, suggesting the applicability of CBU hypothesis to the 
synthesis of zinc-containing zeolites. Chapter 4 demonstrated a co-precipitation method 
conducted in the presence of organic structure-directing agent (OSDA). By the method, 
zincosilicate gels containing Tetraethylammonium cation (TEA+) were prepared and 
used for the synthesis of *BEA zeolites, which have been synthesized by using TEA+ as 
an OSDA. Successful introduction of high amount of zinc to zincosilicate *BEA 
zeolites compared to previous reports suggested that the OSDA containing 
co-precipitated gels had suitable features for synthesis of zincosilicate zeolites. Chapter 
5 presents method to increase homogeneity of zinc and silicate species with a particular 
focus on mixing method of raw materials in liquid phase. By using the homogeneous 
mixture, new zincosilicate zeolites with CHA topology were successfully synthesized. 
The general conclusions of this dissertation and future perspectives for the research are 
described in Chapter 6. 
 
Chapter 1.   General Introduction
Chapter 6. General Conclusions and Future Perspectives
Chapter 3.
Organic-Free Synthesis of Various 
Zincoaluminosilicate Zeolites from 
Co-precipitated Zincoaluminosilicate 
Gels by Applying Composite 
Building Unit Hypothesis
Chapter 4.
Synthesis of Zincosilicate Zeolites 
from Zincosilicate gels prepared 
by an Organic Structure-Directing 
Agent Involved Co-precipitation 
Method
Chapter 2.
Synthesis of Zincoaluminosilicate 
Zeolites with MOR Topology from 
Zincoaluminosilicate Gels Prepared 
by a Co-precipitation Method
Chapter 5.
Synthesis of New Zincosilicate 
Zeolites with CHA Topology by 
Focusing on Mixing Procedures of 
Raw Materials in Liquid Phase
 
Figure 1-11 Structure of this dissertation 
23 
 
 
Chapter 2. Synthesis of Zincoaluminosilicate Zeolites 
with MOR Topology from Zincoaluminosilicate Gels 
Prepared by a Co-precipitation Method 
 
2.1 Introduction 
As described in the previous chapter, zeolites with Zn in the frameworks, zincosilicate 
zeolites, have recently attracted increasing attention for especially catalytic applications 
due to their ion-exchange capabilities and Lewis acidity.91,152 However, there have been 
several obstacles that prevent zincosilicate zeolites from being used in practical 
applications. First, incorporation of Zn into zeolite frameworks is difficult due to the 
longer Zn–O bond length (ca. 2 Å), compared with Si–O (ca. 1.6 Å). To overcome this 
problem, Al is incorporated, together with Zn, into the zeolite frameworks, yielding 
zincoaluminosilicate zeolites.166 For example, AEI, CHA, and GME zincosilicate 
zeolites are hardly synthesized but they have been successfully achieved recently as 
zincoaluminosilicates.166 In addition, the framework Al can improve (hydro)thermal 
stability and the obtained zincoaluminosilicate zeolites are described to be more 
applicable under harsher conditions than zincosilicate counterparts.166 
 The second obstacle is a use of organic structure-directing agents (OSDAs) in 
synthesis of many zincosilicate zeolites. Among reported zincosilicate zeolites, only 
VPI-7,137 VPI-9,141 and RUB-17,149 are synthesized without using OSDAs. All of them 
are present only as zincosilicates (i.e., no pure silica or aluminosilicate analogs) with 
high contents of Zn. The structures of these 3 zeolites are composed of three-ring 
(3MR), which is considered to be stabilized by framework Zn.151 For other zincosilicate 
zeolites without 3MR, on the other hand, OSDAs are required, for example, *BEA,145 
MFI,167 MOR,117 SOD,144 and VET.139 The cost of OSDAs is often responsible for most 
of the total costs of raw materials and thus can inhibit commercialization of zeolites.168 
In addition, calcination is required to remove OSDAs occluded in the pores/cavities of 
the as-synthesized zeolites, which can hinder the structure integrity of zeolites and the 
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local environments of Zn. In the absence of OSDAs, another advantage is that zeolites 
with higher substituting contents of Zn can be obtained because the charge density of 
alkali metal cations is higher than that of OSDAs, resulting in higher-charged zeolites. 
In the case of aluminosilicate zeolites, our group has established an OSDA-free 
synthesis method with the assistance of seed crystals for synthesis of many industrially 
important aluminosilicate zeolites, including *BEA,169170 MEL,169 MTW,171 and 
MWW.172 However, the only successful example for seed-assisted, OSDA-free 
synthesis of zincosilicate zeolite is VET.173 It still remains a significant challenge to 
broaden the types of zinc-containing zeolites that can be synthesized without using any 
OSDAs. 
 Similar to other metal-substituted zeolites (e.g., Ti-, Zr-, and Sn-zeolites), 
another obstacle in synthesis of Zn-zeolites is the precipitation of zinc oxides or 
hydroxides during hydrothermal treatment. A complex agent is sometimes needed for 
stabilization of Zn species under alkali conditions of zeolite synthesis and subsequently 
for successful incorporation of Zn into the zeolite frameworks.117 The addition of such a 
complex agent makes zeolite synthesis more complicated and again increases total 
manufacturing costs of zeolites. Therefore, it is desired to develop a facile synthesis 
method for zinc-substituted zeolites that can avoid the formation of oxide/hydroxide 
by-products without using additional organic compounds. 
 To solve the abovementioned problems, homogeneous zincoaluminosilicate 
gels, in which both Zn and Al atoms are substituted in silicate matrix, were used as 
starting materials for synthesis of zincoaluminosilicate zeolites without using any 
organics. The homogeneous zincoaluminosilicate gels are prepared by co-precipitation 
of basic silicate solution and acidic solution containing dissolved Zn and Al species. 
 
 
2.2 Experimental Section 
2.2.1  Materials 
The following chemicals were used as received for synthesis of zeolites: sodium silicate 
solution (JIS No.3, Fuji Kagaku CORP), aluminum sulfate solution (Taimei Chemicals 
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Co., Ltd.), zinc sulfate (Wako Pure Chemical Industries, Ltd.), sodium hydroxide 
solution (Wako Pure Chemical Industries, Ltd.), sulfuric acid solution (Wako Pure 
Chemical Industries, Ltd.), fumed silica (Cab-O-Sil M-5, Cabot Co.), sodium aluminate 
(Wako Pure Chemical Industries, Ltd.), and zinc acetate (Wako Pure Chemical 
Industries, Ltd.). 
 
2.2.2  Preparation of Zincoaluminosilicate Gels 
The zincoaluminosilicate gels were prepared by mixing sodium silicate solution (8.25 
wt% SiO2) and acidic solution of aluminum sulfate and zinc sulfate using peristaltic 
pumps (Figure 2-1). The mixing and the precipitation were performed in a vessel with 
an overflow tube under neutral pH at 40 °C. The desired amounts of aluminum sulfate 
and zinc sulfate used for preparation of gels were calculated with Zn/(Zn+Al) molar 
ratios of 0.1, 0.2, 0.4, 0.6, 0.8, and 1, while keeping Si/(Zn+Al) at 8.0. The feed ratio of 
the sodium silicate solution and the sulfate solution was kept at 4:1 (by volume). The 
averaged residence time of the gel slurry (= vessel volume/total feed rate) was kept at 
around 15 min, so that the vessel volume and both of the feed rates were optimized. For 
example, in the typical procedure, 1000 cm3 of sodium silicate solution and 250 cm3 
sulfate solution was prepared and mixed at the feeding rate of 20 cm3/min and 5 
cm3/min, respectively. The neutralized suspension containing the zincoaluminosilicate 
gel was collected and recovered by a centrifugal separator. The gel was thoroughly 
washed with deionized water. The water content in the gel was measured from a weight 
loss after calcination at 600 °C for 4 h. 
 
 
Figure 2-1 Schematic image of the co-precipitation to obtain zincoaluminosilicate gels 
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2.2.3  Synthesis of MOR Zeolites from Zincoaluminosilicate Gels 
Zincoaluminosilicate MOR zeolites were synthesized using the co-precipitated gels. 
First, seed crystals of MOR zeolite (Tosoh, HSZ-640NAA, Si/Al = 9.0) were dispersed 
in sodium hydroxide aqueous solution. Then, the zincoaluminosilicate gel was added 
and mixed vigorously. The chemical compositions of the reaction mixtures (without 
seed crystals) were 1.84 Na2O: 0.5(1-x) Al2O3: x ZnO: 8.0 SiO2: 120 H2O, where x was 
varied as 0.1, 0.2, 0.4, 0.6, 0.8, and 1. The weight of seed crystals was fixed at 10 wt% 
(on a basis of SiO2). The hydrothermal synthesis was carried out in a 60-mL autoclave 
at 150 °C for 20–96 h under a static condition. After completion, the solid product was 
recovered by filtration and washed with deionized water until the filtrate reached pH 
7–8. The product was dried at 80 °C overnight before subsequent characterizations. A 
product without Zn was also prepared using aluminosilicate gel in a same manner (i.e., x 
= 0). 
 For comparison, synthesis of MOR zeolites using conventional sources of Si, 
Al, and Zn, namely, fumed silica, sodium aluminate, and zinc acetate, respectively, was 
also carried out. Typically, sodium aluminate and zinc acetate were dissolved in sodium 
hydroxide aqueous solution. Then, seed MOR crystals were dispersed in the resulting 
solution. Finally, fumed silica was added and the mixture was stirred vigorously. The 
resulting homogeneous mixture was transferred to an autoclave and hydrothermal 
synthesis was conducted similarly as described above. 
 
2.2.4  Characterization 
Powder X-ray diffraction (XRD) analysis was conducted to determine the crystal 
structure of the products using a diffractometer (Rigaku Ultima IV) operated with Cu 
Kα monochromatized radiation at 40 kV and 40 mA. Elemental analysis of the products 
was performed by inductively coupled plasma-atomic emission spectrometry (ICP-AES, 
Thermo iCAP 6300) after dissolving the products in hydrofluoric acid or potassium 
hydroxide solutions. To observe crystal size and morphology, field-emission scanning 
electron microscopy (FE-SEM) images were obtained from JFM-7500FA (JEOL) at an 
accelerating voltage of 15 kV. Nitrogen adsorption–desorption measurements were 
performed on Quantachrome Autosorb-iQ2-MP at liquid nitrogen temperature. Prior to 
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the measurements, the samples were degassed at 350 °C for 6 h under vacuum. Diffuse 
reflectance (DR) UV–vis spectra in the range over 190 nm were recorded on a JASCO 
V-670 spectrometer in the 190−800 nm wavelength range using barium sulfate as a 
reference. To obtain UV–vis spectra below 190 nm, a Shimadzu SolidSpec-3700DUV 
spectrometer was used. FT-IR spectra using pyridine and acetonitrile-d3 (CD3CN) as 
probe molecules were corrected using a JASCO FT-IR 6100 spectrometer equipped with 
a mercury cadmium telluride (MCT) detector. Spectra in a range of 4000–700 cm−1 
were acquired with a resolution of 4 cm−1. For the FT-IR measurements, the 
as-synthesized samples were ion-exchanged with ammonium nitrate to form NH4-type 
MOR zeolites. The samples (15–18 mg) were pressed at around 30 MPa for 5 min to 
form self-standing pellets with diameter of 2 cm. The pellets were placed in a vacuum 
cell. While evacuating, the samples were heated to 500 oC at a heating rate of 10 oC/min 
and held at this temperature for 1 h. Then, the samples were cooled to 80 oC and probe 
molecules, pyridine (Wako Pure Chemical Industries, Ltd.) or CD3CN (Sigma-Aldrich 
Co. LLC, 99.8% D atoms) were dosed to the samples until the spectra became 
unchanged. After collecting the first spectra, the cell was evacuated at 80 oC and FT-IR 
spectra were recorded after 1 h. Then, the cell was heated to 150 oC and subsequently to 
250 oC under vacuum. After holding at each targeted temperature for 1 h (pyridine) or 
30 min (CD3CN), the cell was cooled to 80 
oC and FT-IR spectra were then recorded. 
The resulting spectra were subtracted with the spectra obtained at 80 oC but without 
dosing probe molecules. Solid-state magic-angle-spinning (MAS) nuclear magnetic 
resonance (NMR) experiments were conducted on a JNM-ECA 500 (JEOL). 27Al MAS 
NMR spectra were recorded at 130.3 MHz with a pulse length (π/2) of 3.2 μs, a recycle 
delay of 5 s, and a spinning frequency of 14 kHz. 29Si MAS NMR spectra were 
recorded at 99.3 MHz with a pulse length (π/2) of 5.0 μs, a recycle delay of 60 s, and a 
spinning frequency of 10 kHz. Raman spectroscopy was employed to characterize the 
ring statistics for the elucidation of the crystallization process. Raman spectra were 
obtained using a Raman spectrometer (JASCO Corp., NRS-1000) equipped with green 
laser (532 nm). Raman spectra were recorded over the range 300 and 800 cm-1, and 
integrated for 30 s at least twice. 
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2.2.5 Ion-exchange experiments 
 To characterize local environments of Zn in the obtained zeolites, ion-exchange 
experiments with Ni(II) was performed. 0.01 M of nickel nitrate aqueous solution was 
prepared from nickel(II) nitrate hexahydrate (Wako Pure Chemical Industries, Ltd.). pH 
of the solution was adjusted to 6.0–6.5 by adding a few drops of ammonia aqueous 
solution (3 wt%). The solid samples (0.3 g) were dispersed in the nickel nitrate solution 
(100 mL) and then stirred at 500 rpm and room temperature. After stirring for 2 days, 
the samples were separated from the solution by centrifugation and re-dispersed in 100 
mL of fresh nickel nitrate solution. The ion-exchange procedure was repeated for 3 
times. Finally, the ion-exchanged products were thoroughly washed with deionized 
water and dried at 80 °C. The content of Ni was determined by ICP-AES (Thermo iCAP 
6300). 
 For the further investigation of the ion-exchange properties of the obtained 
MOR zeolites, ion-exchange isotherms describing mono-divalent ion-exchange of Na+ 
type MOR with Ni2+ was conducted. The isotherms were constructed at 29 oC in a bath 
shaker (AsOne MyBL-100L) using exchange solutions with total concentration of 0.1 
mol equiv./L (1 mol equiv. is equals to 1 mol of unit positive charge of cations). The 
ion-exchange period was determined by the long-time exchange experiments up to 5 
days to confirm that the system reached the exchange equilibrium. In every experiment, 
the isotherm points were obtained by contacting 0.05 g of zeolites with 50 mL solutions. 
After the equilibration, the zeolites were separated by centrifugation or filtration from 
the exchange solutions. The separated zeolite samples were washed by deionized water. 
The chemical compositions of zeolites and ion-exchange solutions were determined by 
ICP-AES (Thermo iCAP 6300). 
 
2.2.6 Catalytic reactions 
 The catalytic performances of obtained MOR zeolites in propylene 
oligomerzation reactions were tested after the ion exchange with Ni2+, in a tubular 
fixed-bed reactor (quartz, inner diameter of 0.3 cm) at atmospheric pressure. For the 
measurements, 0.1 g of Ni exchanged aluminosilicate MOR (Zn0 MOR) and 
zincoaluminosilicate MOR with Zn/(Zn+Al) ratio of 0.4 (Zn0.4 MOR) samples were 
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introduced to the reactor. Before the activity testing, the catalysts were pretreated in 
nitrogen flow at 400 oC for 2 h. After the pretreatment, the temperature was fixed to 200 
oC. Then, a mixture of propylene (0.25 sccm) and nitrogen (1.0 sccm) was supplied to 
the qualtz tubular reactor. Products were detected by on-line gas chromatography 
(Shimadzu, GC2014) with a thermal conductivity detector (TCD). The propylene 
conversion, carbon balance, and product selectivity were calculated as described below, 
where ni stands for moles of species i. 
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2.3 Results and Discussion 
2.3.1  Characterization of Zincoaluminosilicate Gels 
The chemical compositions of the co-precipitated zincoaluminosilicate gels are shown 
in Table 1. The ratios of Zn/(Zn+Al) of the gels were almost identical to the initial ratios 
of the solutions of zinc sulfate and aluminum sulfate used in the co-precipitation.  
 As is widely known, tetrahedral Al sites in the silicate frameworks generate one 
anionic charge per Al atom whereas tetrahedral Zn sites generate two negative charges 
per zinc atom which is accompanied by a charge-balancing cation in the silicate 
framework. Recently, however, it has also been reported that Zn in the silicate 
frameworks can possess a structure that creates only one charge per Zn.91 As shown in 
Table 1, the ratios of Na/(Zn+Al) were nearly constant at 1.0–1.1, regardless of the zinc 
contents, suggesting that both Zn and Al created monocation ion-exchangeable sites 
(one negative charge per Zn/Al atom) in the zincoaluminosilicate gels. It can also imply 
that both Zn and Al are highly dispersed in the silicate structures. 
 To verify the stability of the zincoaluminosilicate gels and the dispersity of zinc 
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species, the obtained gels were calcined at 800 °C for 8 h in air. DR UV–vis spectra of 
the calcined gels in comparison to a calcined physical mixture of fumed silica and zinc 
acetate are shown in Figure 2-2. The physical mixture exhibited an absorption band 
assigned to ZnO, which is observed at around 360–380 nm due to the O2−→Zn2+ 
ligand-to-metal charge transfer transition.173 On the other hand, in the case of the 
zincosilicate (Zn/(Zn+Al) = 1.0) and zincoaluminosilicate (Zn/(Zn+Al) = 0.8) gels, the 
absorption band due to ZnO was not observed in spite of the high zinc content. This 
suggests that Zn in the gels was stable against the formation of ZnO, providing 
additional evidence of the high dispersity of Zn in the silicates. The dispersity and the 
stability against ZnO formation of Zn in the zinco(alumino)silicate gels are highly 
desirable for the synthesis of zeolites with Zn in the frameworks. 
 
Table 1 Chemical Compositions of the co-precipitated zincoaluminosilicate gels 
Initial Zn/(Zn+Al) 
Compositions of co-precipitated gelsa 
Zn/(Zn+Al) Si/(Zn+Al) Na/(Zn+Al) 
0 0.00 7.5± 0.01 1.1± 0.00 
0.2 0.20 ± 0.005 7.4 ± 0.00 1.1 ± 0.01 
0.4 0.39 ± 0.001 7.4 ± 0.01 1.1 ± 0.01 
0.6 0.58 ± 0.002 7.3 ± 0.02 1.0 ± 0.01 
0.8 0.78± 0.001 7.3 ± 0.01 n.d.b 
1.0 1.0 ± 0.000 7.3 ± 0.02 n.d.b 
aDetermined by ICP-AES. bNot determined. 
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Figure 2-2  DR UV-Vis spectra of zincosilicate gel (Zn/(Zn+Al) = 1.0), zincoaluminosilicate gel 
(Zn/(Zn+Al) = 0.8), and physical mixture of zinc acetate and fumed silica after calcination at 
800 °C for 8 h in air. A spectrum of ZnO is shown for comparison.  
 
 To verify the effects co-precipitation conditions toward the formed 
zincoaluminosilicate gels, feeding rate and temperature of the solutions were varied, 
respectively. Figure 2-3 shows DR UV-Vis spectra of zincoaluminosilicate gels with 
Zn/(Zn+Al) of 0.6 prepared at standard condition (40 oC), 0 oC and 80 oC, and physical 
mixture of zinc acetate and fumed silica after heat treatment at 800 °C for 8 h in air. As 
described above, the absorption band due to ZnO was not observed in the 
zincoaluminosilicate gel prepared by the standard condition, while the physical mixture 
exhibited an absorption band assigned to ZnO. When the co-precipitation was 
conducted at 0 oC in the ice bath, the absorption band assigned to ZnO was slightly 
increased (Figure 2-3(b)). It is likely because the reaction between Zn and Si species 
was suppressed in the decreased temperature and Zn-O-Zn bonds were formed, which 
makes the gel unstable against the formation of ZnO. When the temperature was 
increased to 80 oC, the clear absorption band due to ZnO was not observed (Figure 
2-3(b)), however, an additional band at around 210 nm appeared (Figure 2-3(a)). The 
assignment of the additional peak is still not clear, but likely assigned to Zn-O-Zn 
dimers formed due to the enhanced polymerization in the high temperature. 
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Figure 2-3  DR UV-Vis spectra in the range of (a) 200–400 nm and (b) 300–420 nm of 
zincoaluminosilicate gels (Zn/(Zn+Al) = 0.6) prepared at standard condition (40 oC), 0 oC and 80 
oC, and physical mixture of zinc acetate and fumed silica after calcination at 800 °C for 8 h in air. 
A spectrum of ZnO is shown for comparison in (b).  
 
 In the standard condition, sodium silicate solution and solution of aluminum 
sulfate and zinc sulfate were mixed by using peristaltic pumps with the feeding rate of 
20 mL/min and 5 mL/min, respectively. To see the effect of the mixing condition, the 
control experiments were conducted as follows; sodium silicate solution was added to 
the solution of aluminum sulfate and zinc sulfate by peristaltic pumps in the feeding rate 
of 5 mL/min (Si-5 mL) or 20 mL/min (Si-20 mL). In the other control experiments, the 
solution of aluminum sulfate and zinc sulfate was added to sodium silicate solution by 
peristaltic pumps in the feeding rate of 5 mL/min (Zn-5 mL) or 20 mL/min (Zn-20 mL) 
(Figure 2-4). 
 
Figure 2-4 Schematic image of the standard condition and control conditions for the 
co-precipitation to obtain the zincoaluminosilicate gels. 
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 Figure 2-5 shows DR UV-Vis spectra of zincoaluminosilicate gels with 
Zn/(Zn+Al) of 0.6 prepared at standard condition, control conditions (Si-5 mL, Si-20 
mL, Zn-5 mL and Zn-20 mL), and physical mixture of zinc acetate and fumed silica 
after heat treatment at 800 °C for 8 h in air. In contrast to the zincoaluminosilicate gel 
prepared by standard condition which shows no absorption band due to ZnO, trace 
absorption band assigned to ZnO was observed (Figure 2-5 (b)). It is likely because 
when the one solution was added to the other solution, the formed gel is expected to 
have less homogeneity than the gels prepared by the standard solution. Formation of 
Zn-rich part may result in the ZnO formation after the heat treatment. The absorption 
band assigned to ZnO is more intense in the gels formed in the conditions of Si-5 mL 
and Zn-5 mL, compared to that formed in the conditions of Si-20 mL and Zn-20 mL. In 
the control experiments, when the feeding of solutions proceeded, gelation occurred in 
the middle of the experiments. With the feeding rate of 5 mL, larger amount of solutions 
were added after the gelation compared to the case with feeding rate of 20 mL. 
Therefore, the polymerization was expected to be advanced when the additional solution 
was introduced and Zn and Si species cannot be fully mixed to form the zincosilicate 
structure 
 From these results, the co-precipitation conditions are shown to have a 
considerable effect to realize high dispersity of Zn in the silicates. 
 
 
Figure 2-5  DR UV-Vis spectra in the range of (a) 200–400 nm and (b) 300–420 nm of 
zincoaluminosilicate gels (Zn/(Zn+Al) = 0.6) prepared at standard condition, Si 20 mL, Si 5 mL, 
Zn 20 mL and Zn 5 mL, and physical mixture of zinc acetate and fumed silica after calcination at 
800 °C for 8 h in air. A spectrum of ZnO is shown for comparison in (b). 
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2.3.2  Synthesis of MOR Zeolites from the Zincoaluminosilicate Gels 
Powder XRD patterns of the products obtained from the zincoaluminosilicate gels with 
different Zn/(Zn+Al) ratios after hydrothermal synthesis at 150 °C for 72 h are shown in 
Figure 2-6. In spite of the high contents of Zn, no peaks from impurities such as ZnO 
(2θ = 31.6, 34.2, and 36.1) were observed, indicating that the formation of Zn–O–Zn 
bonds and subsequent ZnO formation can be avoided under the present synthesis 
conditions. The absence of ZnO species was also supported by UV-vis spectroscopic 
measurements (vide infra). MOR zeolites were obtained when the gels with Zn/(Zn+Al) 
of 0, 0.1, 0.2, 0.4, and 0.6 were used. Hereafter, the MOR samples prepared using the 
gels with Zn/(Zn+Al) of x are denoted as Znx MOR. 
 
 
Figure 2-6 Powder XRD patterns of products synthesized from co-precipitated gels with 
Zn/(Zn+Al) of 0, 0.1, 0.2, 0.4, 0.6, 0.8, and 1.0 at 150 °C for 72 h. Peaks seen in products of 
Zn/(Zn+Al) = 0.8 and 1.0 are due to seed crystals. 
 
 Figure 2-7 shows powder XRD patterns of the products collected after 
hydrothermal treatment for different periods of time with the crystallization curves 
plotted in Figure 2-8. The crystallinity was calculated from the total areas of XRD peaks 
at around 19.7°, 22.4°, 25.8°, and 26.4°. It was clear that the synthesis time increased as 
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the Zn contents were increased. When the gels with Zn/(Zn+Al) of 0.8 and 1.0 were 
used, however, no any zeolite products were observed (See Figure 2-6). Note that XRD 
peaks seen in the products when Zn/(Zn+Al) was 0.8 and 1.0 are ascribed to the MOR 
seed crystals because the similar patterns were also observed in the samples before the 
hydrothermal treatment (see Figure 2-7). The necessity of Al is probably because the 
longer bond length of Zn–O (ca. 2 Å) compared with Si–O (1.58–1.64 Å) and Al–O 
(1.70–1.73 Å) can cause significant distortions of the zeolite framework and inhibit the 
formation of MOR zeolite. The presence of Al in the framework is thus considered to 
stabilize the framework, resulting in zincoaluminosilicate zeolites. 
 
 
Figure 2-7 Powder XRD patterns of products synthesized for different periods of time from 
co-precipitated gels with Zn/(Zn+Al) of (a) 0, (b) 0.4, (c) 0.6, and (d) 0.8. 
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Figure 2-8 Crystallization curves of products synthesized from co-precipitated gels with 
Zn/(Zn+Al) of 0, 0.4, and 0.6. The crystallinity was calculated from the total areas of XRD peaks 
at around 19.7°, 22.4°, 25.8°, and 26.4°. 
 Raman spectra of the zincosilicate samples obtained after different time of 
hydrothermal treatment is shown in Figure 2-9. It has been reported that bands in the 
200-600 cm-1 region are sensitive to the T-O-T bond angle and the size of the ring in the 
framework. Previous Raman investigations on zeolite have assigned bands at ca. 
370-430 cm-1 to 5MR, ca. 470-530 cm-1 to 4MR, and 550-600 cm-1 to 3MR. When 
zincoaluminosilicate gels with Zn/(Zn+Al) of 0, 0.4 and 0.6 were used, intensity of 
bands attributed to 5MR and 4MR increases with crystallization of MOR zeolite 
progresses (Figure 2-9 (a)–(c)). On the other hand, when zincoaluminosilicate gels with 
Zn/(Zn+Al) = 0.8 were used, remarkable changes in the ring distribution was not 
observed (Figure 2-9 (d)). After 120 hours of hydrothermal treatment, a band close to 
3MR region was observed. The 3MR formation is likely induced due to the high content 
of zinc.151 
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Figure 2-9  Raman spectra of the samples synthesized for different periods of time from 
co-precipitated gels with Zn/(Zn+Al) of (a) 0, (b) 0.4, (c) 0.6, and (d) 0.8. 
 
 Figure 2-10 shows powder XRD patterns of the products synthesized from 
co-precipitated gels with Zn/(Zn+Al) of 0.1 and 0.6 at 150 °C for varied time 
with and without MOR seed crystals. Obviously, the crystallization of 
zincoaluminosilicate MOR zeolites proceeded without using the seed crystals. 
However, when the XRD patterns of the products were compared with that 
obtained with seed crystals, the speed of crystallization was quite slow. By using 
the zincoaluminosilicate gel with Zn/(Zn+Al) of 0.1, crystallinity of MOR zeolite 
obtained after 19 days was lower than that obtained with seed crystals after 72 
hours of hydrothermal treatment. The crystallization of MOR was almost 
completed after 28 days. On the other hand, with Zn/(Zn+Al) of 0.6, the 
crystallinity of MOR product was lower than that obtained with seed crystals 
after 72 hour of hydrothermal treatment even after 28 days. From these results, it 
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is suggested that nucleation of zincoaluminosilicate MOR zeolites from the 
zincoaluminosilicate is possible without seed, but the crystallization time is 
significantly increased. The increase in the crystallization time with the increase 
of the metal content have been reported for many metallosilicate zeolites.109 
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Figure 2-10 Powder XRD patterns of products synthesized from co-precipitated gels with 
Zn/(Zn+Al) of (a) 0.1 and (b) 0.6 at 150 °C for varied time with and without MOR seed crystals. 
The XRD pattern of the product without annotation was obtained without using seed crystals. 
 
 Chemical compositions of the MOR zeolites obtained with seed crystals 
analyzed by ICP-AES are summarized in Table 2. The molar Zn/(Zn+Al) ratios of the 
zeolite products were almost the same as those of the initial zincoaluminosilicate gels. It 
was also confirmed that the obtained MOR zeolites had high micropore volumes. For 
the Zn0.4 MOR and Zn0.6 MOR products, nitrogen uptakes were very small in their 
as-synthesized, Na-form (Vmicro < 0.1 cm
3/g). However, the proton-forms of Zn0.4 MOR 
and Zn0.6 MOR showed reasonably high micropore volumes. The decreases in 
micropore volumes of the Na-form samples with increasing Zn contents are presumably 
because of the increasing contents of Na+ cations that fill and/or block the zeolite 
cavities and the heavier weights of Zn compared to Al. Similar observation was also 
reported for Rb-MOR.175 
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Table 2 Chemical compositions, solid yields, and micropore volumes of the MOR products  
aDetermined by ICP-AES.  bMicropore volumes determined by a t-plot method.  cSynthesized 
from the co-precipitated gels.  dCalculated from as-synthesized, Na-form MOR products. 
eCalculated from H-form MOR products prepared by ion-exchange of as-synthesized products 
with ammonium nitrate aqueous solution and subsequent calcination.  fControlled samples 
synthesized using fumed silica, sodium aluminate, and zinc acetate.  gNot determined. 
 
 For comparison, synthesis of MOR zeolites was conducted using conventional 
raw materials, that is, fumed silica, sodium aluminate, and zinc acetate, while keeping 
other conditions the same as in the cases of the zincoaluminosilicate gels described 
above. As shown in Figure 2-11, XRD patterns of the products obtained at Zn/(Zn+Al) 
= 0.4 and 0.6 indicate the formation of MOR zeolite. In the sample synthesized with 
Zn/(Zn+Al) of 0.4, however, the content of Zn was significantly lower than that of the 
reaction mixture (Zn0.4 MOR (control) in Table 2). At Zn/(Zn+Al) of 0.6, on the 
contrary, the product prepared using conventional raw materials possessed the Zn 
content (Zn0.6 MOR (control) in Table 2, Zn/(Zn+Al) = 0.48) slightly lower than that 
found in the product obtained from the zincoaluminosilicate gels (Zn/(Zn+Al) = 0.58) 
but the crystallinity of the Zn0.6 MOR (control) sample was lower than Zn0.6 MOR. In 
addition, the formation of ZnO in the Zn0.6 MOR (control) sample was confirmed by 
Sample 
Initial 
Zn/(Zn+Al) 
Compositions of productsa Yield 
(%) 
Vmicro 
(cm3/g)b Zn/(Zn+Al) Si/(Zn+Al) Si/Zn Si/Al 
Zn0 MORc 0 0.00 5.22± 0.002  5.3± 0.01 71 0.15d 
Zn0.1 MORc 0.1 0.09 ± 0.004 5.32 ± 0.015 66.5 ± 3.15 5.8 ± 0.01 72 0.14d 
Zn0.2 MORc 0.2 0.19 ± 0.001 5.37 ± 0.018 28.8 ± 0.11 6.6 ± 0.02 69 0.14d 
Zn0.4 MORc 0.4 0.39 ± 0.002 5.93 ± 0.017 14.9 ± 0.11 9.9 ± 0.02 75 0.13e 
Zn0.6 MORc 0.6 0.58 ± 0.001 6.34 ± 0.004 10.9 ± 0.01 15.2 ± 0.04 79 0.12e 
Zn0.4 MOR 
(control)f 
0.4 0.055 ± 0.004 4.81± 0.007 88.3 ± 5.54 5.10± 0.016 51 n.d.g 
Zn0.6 MOR 
(control)f 
0.6 0.48 ± 0.018 6.08 ± 0.206 12.7 ± 0.19 11.7 ± 0.04 82 n.d.g 
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UV-vis measurement but was not observed in the Zn0.6 MOR sample (Figure 2-12). 
This is probably because the high concentration of Zn species in the reaction mixture 
caused the ZnO formation. These results suggest that MOR zeolites with high contents 
of Zn incorporated in the zeolite framework cannot be obtained using conventional Si 
and Zn sources in the absence of organics, which is consistent with the previous 
report117 that the formation of zincosilicate MOR zeolites is not favored in the absence 
of additional organics capable of forming the complex with Zn to decrease the 
concentration of “free” Zn species in the basic solution. It is also indicated that the 
zincoaluminosilicate gels prepared via co-precipitation are suitable precursors for the 
synthesis of MOR zeolites with framework Zn even without any organic compounds. 
 
 
Figure 2-11  Powder XRD patterns of products synthesized using fumed silica, sodium 
aluminate, and zinc acetate at Zn/(Zn+Al) of 0.4 and 0.6. 
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Figure 2-12  DR UV-vis spectra of products synthesized at Zn/(Zn+Al) of 0.6 using (a) 
conventional raw materials (fumed silica, sodium aluminate, and zinc acetate) and (b) 
co-precipitated zincoaluminosilicate gel. 
 
 FE-SEM images of the obtained MOR zeolites are shown in Figure 2-13. The 
MOR zeolite crystals were aggregates/intergrowths of primary nanosized crystals, 
which have needle-like morphology. The sizes of these needle-like primary nanosized 
crystals became smaller as the contents of Zn were increased (Figure 2-14). The 
secondary particles were with the diameters of 1–5 μm. With increasing the Zn contents, 
the secondary particles became more angular. Interestingly, the secondary particles of 
zeolites with Zn contained some macroporous cavities observed from the outside (the 
jar-like structure). The large hysteresis loops observed in the nitrogen 
adsorption–desorption isotherms of zincoaluminosilicate MOR zeolites (Figure 2-15) 
suggest that there existed macro- and/or mesopores inside the zeolite particles.12 
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Figure 2-13  FE-SEM images of MOR zeolites prepared from co-precipitated gels with 
Zn/(Zn+Al) of (a) 0, (b) 0.1, (c) 0.2, (d) 0.4, and (e) 0.6. 
 
 
Figure 2-14  FE-SEM images of products synthesized from co-precipitated gels with 
Zn/(Zn+Al) of 0, 0.4, and 0.6. 
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Figure 2-15  Nitrogen adsorption–desorption isotherms of Zn0 MOR, Zn0.1 MOR, Zn0.2 MOR, 
Zn0.4 MOR, and Zn0.6 MOR. The isotherms of Zn0.4 MOR and Zn0.6 MOR were obtained after 
ion-exchange with NH4NO3 and subsequent calcination. 
 
 To give some insights into the formation process, time course changes in the 
morphology of the products prepared from the zincoaluminosilicate gels with 
Zn/(Zn+Al) of 0.4 was observed. Time-evolved FE-SEM images of Zn0.4 MOR are 
shown in Figure 2-16, revealing that the zincoaluminosilicate gel had porous structures 
from the initial stage of the hydrothermal treatments, which may correspond to the 
macroporous cavities observed in the final Zn0.4 MOR product (Figure 2-13 (d)). By 
prolonging the treatment time, small primary crystals were observed with the retained 
macroporous jar-like structures, reflecting the relation between the macroporous cavities 
of the initial gel and the final zeolite product. This phenomenon may be considered as a 
type of pseudomorphic conversion of the amorphous zincoaluminosilicate gels into the 
crystalline zincoaluminosilicate zeolites without complete migration of the initial 
components into the solution phase. For the pseudomorphic conversion, slow hydrolysis 
(dissolution) of the initial gels and crystallization of zeolites are likely important 
because zeolites can be crystallized while retaining the initial morphology. In this case, 
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slower crystallization induced by Zn (Figure 2-8) is a key for the formation of MOR 
zeolites with the jar-like macroporous cavities. 
 
 
Figure 2-16  FE-SEM images of products synthesized from co-precipitated gels with 
Zn/(Zn+Al) of 0.4 at 150 oC for 4, 8, 20, and 72 h. 
 
 Solid-state 27Al MAS NMR measurements were conducted to investigate the 
local environments of Al species in the zincoaluminosilicate gels and the obtained MOR 
zeolites. As shown in Figure 2-17, no octahedrally coordinated Al species, generally 
appearing at a chemical shift (δ) of ca. 0 ppm, were observed both in the 
zincoaluminosilicate gels and in the obtained MOR zeolites. In all samples, only one 
resonance at δ = 54.2–54.7 ppm, corresponding to tetrahedrally coordinated Al, was 
observed. This suggests that during the co-precipitation, all Al species reacted with 
silicates and were incorporated into the amorphous silicate structures in a 
four-coordination. One may further postulate that Zn species also reacted with silicates 
in the similar manner to Al species because both Zn and Al were dissolved and 
homogeneously mixed in the same acidic aqueous solution. 27Al MAS NMR spectra of 
the MOR zeolites became sharper and slightly shifted from 54.2 ppm observed in the 
gels to 54.7 ppm, suggesting that the local environments of zincoaluminosilicate 
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became more ordered and the average Al–O–Si bond angles were almost unchanged 
during the formation of MOR zeolites.176 
 
 
Figure 2-17  Solid-state 27Al MAS NMR spectra of zincoaluminosilicate gels with Zn/(Zn+Al) 
of 0.4 and 0.6, and MOR zeolites obtained from gels with of Zn/(Zn+Al) of 0, 0.4, and 0.6 (i.e., 
Zn0 MOR, Zn0.4 MOR, and Zn0.6 MOR). 
 
Figure 2-18 shows solid-state 29Si MAS NMR spectra of Zn0 MOR, Zn0.4 MOR, and 
Zn0.6 MOR. The spectra were deconvoluted to three signals attributed to Q4(0T) silicon 
species (Si(OSi)4) at δ around −110 ppm, Q4(1T) silicon species (Si(OT)(OSi)3) at δ of 
ca. −105 ppm, and Q4(2T) silicon species (Si(OT)2(OSi)2) at δ of ca. −98 ppm, where T 
stands for substituted Zn or Al atoms. It has been reported that chemical shift for silicon 
environments derived from adjacent Zn is larger than that derived from adjacent Al. 
Ranges of chemical shifts for Si(1Zn) and Si(2Zn) species in tectozincosilicates are 
reported to be from -85 ppm to -105 ppm and from -75 ppm to -85 ppm, respectively. 
However, in zincoaluminosilicate case, it has been difficult to distinguish Q4(1Zn) and 
Q4(1Al). Therefore, the peak shifts derived from substituted Zn and Al are calculated 
together here. The broader peak in low shift range is probably due to contribution from 
Zn species. Si/(Zn+Al) ratio was calculated for each samples from the peak areas of the 
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three peaks using following formula. 
 
 The Si/(Zn+Al) ratios calculated from the 29Si MAS NMR spectra for Zn0 
MOR, Zn0.4 MOR, and Zn0.6 MOR were 5.2, 5.7, and 5.5, respectively, which are 
close to the ratios obtained by ICP-AES analysis. The concurrence of the chemical 
compositions calculated from 29Si MAS NMR and ICP-AES results suggests the 
successful incorporation of Zn and Al atoms into the zeolite frameworks. The 
zincoaluminosilicate MOR zeolites (i.e., Zn0.4 MOR and Zn0.6 MOR) exhibited 
slightly smaller Si/(Zn+Al) ratios calculated from NMR spectra compared to those of 
ICP-AES results, likely indicating the presence of some silanol defects in the zeolites. 
 
 
Figure 2-18  Solid-state 29Si MAS NMR spectra and their peak deconvolution of MOR zeolites 
obtained from gels with of Zn/(Zn+Al) of 0, 0.4, and 0.6 (i.e., Zn0 MOR, Zn0.4 MOR, and Zn0.6 
MOR). 
 
 
47 
 
2.3.3 Environments of Zn in the Zincoaluminosilicate MOR Zeolites 
To analyze zinc coordination states in the obtained MOR zeolites, UV-vis spectra 
including a deep UV region were measured as depicted in Figure 2-19. For comparison, 
a Zn2+-exchanged sample was also prepared by ion-exchange of the aluminosilicate 
MOR seed crystals with 1 M zinc nitrate aqueous solution. The spectra of Na- and 
H-type aluminosilicate MOR zeolites are also shown in Figure 2-19 (c) and Figure 2-19 
(e), respectively. An absorption band due to ZnO, typically appearing at around 360 nm, 
was not observed for all Zn-containing zeolites. The Zn0.4 MOR and Zn0.6 MOR 
samples showed absorption bands below 200 nm and at 200–280 nm. Comparing with 
the spectrum of the Zn2+-exchanged aluminosilicate MOR zeolite (Fig. 6 (d)), the 
absorption band below 200 nm can be assigned to the charge transfer transitions of 
framework Zn with lattice O2−. All samples except for H-type aluminosilicate MOR 
showed the broad absorption bands at 200–280 nm, which is presumable arisen from 
extra-framework Zn2+ and Na+ present at ion-exchange sites. 
 
 
Figure 2-19  Deep UV spectra of (a) Zn0.4 MOR, (b) Zn0.6 MOR, (c) Na-type aluminosilicate 
MOR zeolite (used as seed crystal), (d) Zn2+-exchanged aluminosilicate MOR zeolite, and (e) 
H-type aluminosilicate MOR zeolite (Tosoh, HSZ-640HOA). 
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 Stability of the MOR prepared using zincoaluminosilicate gels against thermal 
treatment was tested by calcination at 400 oC and 600 oC for 10 h. It was confirmed that 
crystallinity of MOR zeolites prepared using zincoaluminosilicate gels (Zn0.4 MOR and 
Zn0.6 MOR) were decreased by the thermal treatment especially for Zn0.6 MOR 
(Figure 2-20). The MOR samples after the thermal treatment exhibited broad shoulder 
around 250 nm in UV-vis spectra (Figure 2-21). As is the case of Zn2+ exchanged MOR 
sample, this adsorption band around 250 nm may come from extraframework Zn 
species. It is suggested that, as Zn species in the zeolite framework are not thermally 
stable as Al in the framework, they come out from the tetrahedral position in the 
framework by the thermal treatment. This stability change can also be one indication of 
Zn incorporation in the zeolite framework.  
 
(a) Zn/(Zn+Al) = 0.4 (b) Zn/(Zn+Al) = 0.6
As-
synthesized
400 oC
600 oC
400 oC
600 oC
As-
synthesized
 
Figure 2-20  XRD patterns of MOR zeolites prepared with zincoaluminosilicate gels at the 
composition of (a) Zn/(Zn+Al) = 0.4 and (b) Zn/(Zn+Al) = 0.6 before and after thermal treatment 
at 400 oC and 600 oC for 10 h. 
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Figure 2-21  UV-vis spectra of MOR zeolites prepared with zincoaluminosilicate gels at the 
composition of (a) Zn/(Zn+Al) = 0.4 and (b) Zn/(Zn+Al) = 0.6 before and after thermal treatment 
at 400 oC and 600 oC for 10 h. 
 
 As reported recently, zincosilicate zeolites possess stronger Lewis acidity 
compared to other metal-substituted, Lewis acidic zeolites.91 FT-IR spectroscopy of 
pyridine adsorbed at 80 °C and desorbed at 80–250 °C was used to characterize the acid 
sites of the H-type zincoaluminosilicate MOR zeolite (Zn0.4 MOR) in comparison with 
the H-type aluminosilicate analogue synthesized under the identical condition (Zn0 
MOR). The characteristic vibrational modes of pyridine coordinated to a Lewis acid site 
and pyridinium ion generated from protonation of pyridine by a Brønsted acid site allow 
us to identify the presence of Brønsted and Lewis acid sites. Figure 2-22 compares 
pyridine adsorption onto the H-type Zn0 MOR and Zn0.4 MOR samples. The 
absorption bands at around 1450 and 1620 cm−1 are assigned to the pyridine coordinated 
to Lewis acid sites (labeled as “L” in Figure 2-22), while the bands at around 1545 and 
1635 cm−1 are ascribed to the pyridinium ion adsorbed on Brønsted acid sites (labeled as 
“B” in Fig. 7).177,178 The band at ca. 1490 cm−1 is due to the superposition of absorption 
signals arisen from both Lewis and Brønsted adsorbed species (“L+B” in Figure 2-22). 
In addition, the bands assigned to hydrogen-bonded pyridine (shown as “Py-H”) are 
also present in the samples before evacuation. The bands at ca. 1450 cm-1 and 1545 
cm−1 are generally used for the quantitative identification of Lewis and Brønsted acid 
sites, respectively.178 In the case of aluminosilicate Zn0 MOR, the band of Lewis acid 
sites (at 1452 cm−1) was very weak and disappeared after evacuation at 150 oC. In 
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contrast, the characteristic band of Brønsted acid sites (at 1543 cm−1) was clearly 
observed and maintained after evacuation at high temperatures up to 250 oC, revealing 
the strong Brønsted acidity of aluminosilicate MOR zeolite. On the contrary, the 
opposite trend was found in the zincoaluminosilicate Zn0.4 MOR, in which the band of 
Brønsted acid sites was hardly observed but the band at ca. 1451 cm−1 associated with 
Lewis acid sites was clearly seen and remained after evacuation at 250 oC. These results 
suggest the presence of strong Lewis acid sites in the obtained Zn0.4 MOR, akin to the 
previous report. 91 It can also be implied that Al in the Zn0.4 MOR sample (i.e., 
Brønsted acid sites) is located in the eight-ring pocket of the MOR zeolite framework, 
which is inaccessible to pyridine. 
 
 
Figure 2-22  FT-IR spectra of (a) H-type Zn0 MOR and (b) H-type Zn0.4 MOR after pyridine 
adsorption at 80 oC (before evacuation), followed by evacuation at 80, 150, and 250 oC. L, B, L+B, 
and Py-H stand for Lewis acid, Brønsted acid, superposition of Lewis and Brønsted acids, and 
hydrogen-bonded pyridine, respectively. 
 
 To further characterize Lewis acid sites, similar FT-IR measurements were 
performed on the zincoaluminosilicate Zn0.4 MOR and Zn0.6 MOR samples (both in 
H-type) using deuterated acetonitrile (CD3CN) as a probe molecule. The stretching 
frequency of CN is sensitive to the interaction strength with Lewis acid sites, making 
qualitative comparisons among different Lewis acid sites possible. FT-IR spectra of 
CD3CN adsorbed onto the H-type Zn0.4 MOR and Zn0.6 MOR samples are shown in 
51 
 
Figure 2-23. In both samples, the absorption band due to physisorbed CD3CN was 
observed at 2265 cm−1, while the band present at ca. 2308 cm−1 was associated with 
CD3CN coordinated to Lewis acid sites.
88 The additional band at 2319 cm−1 was seen 
only in the Zn0.4 MOR sample; the presence of this band became more noticeable after 
evacuation at high temperature, suggesting there are two different Lewis acid sites in the 
Zn0.4 MOR.  
 
 
Figure 2-23  FT-IR spectra of deuterated acetonitrile adsorbed on (a) H-type Zn0.4 MOR and (b) 
H-type Zn0.6 MOR at 80 oC (before evacuation), followed by evacuation at 80, 150, and 250 oC.  
 
 As is well documented, in metal-substituted zeolites, particularly, Ti- and 
Sn-zeolites, there are two different metal sites, so-called “closed” and “open” 
sites.88,179,180,181 The closed site is the defect-free metal center linking to four silicons via 
oxygen bridges whereas the open site is the defect metal site with a neighboring silanol 
group. The similar closed and open sites are also suggested to exist in the zincosilicate 
zeolites.91 The closed Zn site creates two negative charges, while the opened Zn is 
monocation ion-exchangeable site (see Figure 2-24). The closed and open sites of Sn in 
stanosilicate *BEA zeolites show FT-IR bands of CD3CN at ca. 2308 and 2317 cm
−1, 
respectively. 88179 The similar stretching frequencies observed in the obtained 
zincoaluminosilicate MOR zeolites (Figure 2-23) suggest that there were both closed 
and open Zn sites in the Zn0.4 MOR sample, while most of Zn in the Zn0.6 MOR 
sample was present in the closed sites.  
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Figure 2-24  Local structures of two different Zn sites. M+ is a monovalent cation. Monocation 
and dication ion-exchangeable sites represent the “open” and “closed” Zn sites, respectively. 
 
 The local environments of Zn sites in the MOR zeolite products were further 
verified by chemical analysis of Na+ cations present in the as-synthesized products. The 
Na/(Zn+Al) molar ratio is equal to 1 if all Zn atoms are present in the open site, while 
the Na/(2Zn+Al) ratio is equal to 1 when all Zn are located in the closed site. As 
summarized in Table 3, the Na/Al ratio increased with increased Zn contents, again 
suggesting the successful incorporation of Zn into the zeolite frameworks. The 
Na/(Zn+Al) ratios were almost 1 in the case of Zn0.2 MOR and Zn0.4 MOR, while the 
Na/(Zn+Al) of Zn0.6 MOR was 1.4. In addition, the Na/(2Zn+Al) ratio of Zn0.6 MOR 
was close to 1. These results suggest that the Zn sites in Zn0.2 MOR and Zn0.4 MOR 
were dominated by the open sites, while the closed Zn sites were predominant in Zn0.6 
MOR. 
 
Table 3 Amounts of sodium cations and substituted metals of the as-synthesized 
(zinco)-aluminosilicate MOR zeolitesa 
Sample Na/Al Na/(Zn+Al) Na/(2Zn+Al) 
Zn0 MOR 1.0 ± 0.00 1.0 ± 0.00 1.0 ± 0.00 
Zn0.2 MOR 1.1 ± 0.00 1.0 ± 0.00 0.80 ± 0.002 
Zn0.4 MOR 1.7 ± 0.01 1.1 ± 0.0 0.79 ± 0.001 
Zn0.6 MOR 3.1 ± 0.01 1.4 ± 0.02 0.93 ± 0.011 
aDetermined by ICP-AES.  
 
 Figure 2-25 shows changes in chemical compositions of the products prepared 
from the zincoaluminosilicate gel with Zn/(Zn+Al) of 0.6 for different periods of time. 
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The Zn/(Zn+Al) ratio only slightly decreased during the course of synthesis, suggesting 
that the contents of Zn and Al in the solid phase were almost constant throughout the 
synthesis. Interestingly, the Na/(Zn+Al) ratio was close to 1 at the initial stage and 
gradually increased as the formation of MOR zeolite proceeded. This suggests that Zn 
atoms in the initial solid created only one anionic charge per Zn. During the formation 
of zeolite, these Zn species evolved and condensed to form the closed Zn sites that can 
create two anionic charges per Zn as the Na/(2Zn+Al) approached 1 at the final stage.  
 
 
Figure 2-25  Changes in chemical compositions of the products obtained from the 
zincoaluminosilicate gel with Zn/(Zn+Al) of 0.6 along with the synthesis time. 
 
 The capability of the obtained zincoaluminosilicate MOR zeolites for 
ion-exchange of divalent cations was investigated using Ni2+ as a model cation because 
Ni2+-exchanged zeolites show promising catalytic activity for dimerization and 
oligomerization of alkenes.152,182,183 Chemical compositions of the products recovered 
after ion-exchange are summarized in Table 4. Compared with the compositions of the 
as-synthesized products, some leaching of Zn during ion-exchange was observed, 
probably due to slightly acidic conditions employed. The atomic ratios of Ni to Zn and 
Al increased as the contents of Zn were increased. The ion-exchange efficiency of the 
aluminosilicate sample (i.e., Zn0 MOR) was 64% whereas the efficiency of Zn0.6 MOR 
increased to 75%, calculated by assuming that all Zn in the sample are in the dication 
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ion-exchangeable sites (i.e., the closed sites). This suggests that zincoaluminosilicate 
zeolites were efficient materials for hosting divalent cations.  
 
Table 4 Chemical compositions of the products after ion-exchange with Ni2+ cationsa 
Sample Zn/(Zn+Al) Ni/(0.5Zn+0.5Al) Ni/(Zn+0.5Al) 
Zn0 MOR 0  0.64 ± 0.002 0.64 ± 0.002 
Zn0.4 MOR 0.30 ± 0.002 0.95 ± 0.003 0.73 ± 0.002 
Zn0.6 MOR 0.50 ± 0.001 1.2 ± 0.01 0.75 ± 0.003 
aDetermined by ICP-AES.  
 
 For the further investigation of the ion-exchange properties of the obtained 
MOR zeolites, ion-exchange isotherms describing mono-divalent ion exchange of Na+ 
type MOR with Ni2+ was constructed. Ion-exchange isotherms exhibit selectivity of 
exchangeable cations toward ion-exchange sites in zeolites. The isotherms have been 
used to evaluate the affinity of cations to ion-exchange sites. For example, the high 
affinity of K+ cations toward low silica X zeolites was shown to be the key of the 
selective growth of the zeolite.184 
 Here, mixture solutions of Ni(NO3)2 and NaNO3 with total concentration of 0.1 
mol equiv./L and various 2Ni:Na ratio were used to construct the ion-exchange 
isotherms. The ion-exchange period was determined by the long time exchange 
experiments up to 5 days to confirm that the system reached the exchange equilibrium. 
Figure 2-26 shows the time course change of 2Ni/(2Ni+Na) ratio in the zeolite, which 
corresponds to the ratio of Ni2+ species exchanged from Na+. The 2Ni/(2Ni+Na) ratio 
became constant after 3h for Zn0 MOR, and after 3 days for Zn0.6 MOR when the 
solution with 2Ni/(2Ni+Na) of 1.0 was used, and 3h for Zn0 MOR, and after 2 days for 
Zn0.6 MOR when the solution with 2Ni/(2Ni+Na) of 0.1 was used. Therefore, the 
period to obtain the points of ion-exchange isotherms were determined to be 3 days to 
ensure the equilibrium of the system. Interestingly, the Zn0.6 MOR samples shows 
higher 2Ni/(2Ni+Na) ratio compared to Zn0 MOR sample, especially when the solution 
with 2Ni/(2Ni+Na) of 0.1 was used. The result suggested that the Zn0.6 MOR has 
stronger selectivity to Ni2+ compared to that of Zn0 MOR.  
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Figure 2-26 Changes in the chemical compositions of the solid products after ion-exchange using 
ion-exchange solutions with composition of (a) 2Ni/(2Ni+Na) = 1.0 and (b) 2Ni/(2Ni+Na) = 0.1. 
 
 The difference in selectivity for Ni2+ and Na+ was further evaluated from the 
shape of ion-exchange isotherms. As shown in Figure 2-27, the isotherm for Zn0.6 
MOR shows a steep increase of 2Ni/(2Ni+Na) ratio in the solid with low 2Ni/(2Ni+Na) 
solution ratio, that is, small amount of Ni2+ in the solution is rapidly incorporated into 
the solid (zeolite) phase, suggesting the existence of ion-exchange sites with a strong 
affinity to Ni2+. Then, the ion exchange selectivity became constant, and finally, a steep 
increase of Ni2+ exchange ratio in solid was again observed. This type of isotherm 
indicates the existence of two types of ion exchanged sites: the site with strong affinity 
to Ni2+, and the site which is relatively difficult to be exchanged.185 The former 
exchange site likely corresponds to the divalent ion-exchange sites generated by Zn in 
the frameworks, since the close divalent charges are expected to prefer one divalent 
cations to two monovalent cations due to the structure constrain. The latter exchange 
site is likely the ion-exchange sites generated by two Al atoms in the framework. The 
lower charge density of the two negative charges created by two Al atoms compared to 
that created by Zn atom might reduce the stabilizing effect of the divalent cations in the 
exchange site. The isotherm of Zn0.6 MOR crosses the dotted line at around (0.6, 0.6), 
which is in agreement with the elemental analysis that shows the Zn/(Zn+Al) ratio is 0.6. 
On the other hand, the ion-exchange isotherm on Zn0 MOR is almost linear; ion 
exchange ratio increases with increasing the concentration of Ni2+ ion in liquid, which 
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indicates that there is no site heterogeneity in the zeolite. 
 
 
Figure 2-27 The ion-exchange isotherms of Zn0 MOR and Zn0.6 MOR 
 
 Figure 2-28 shows preliminary results showing time course change of 
2Co/(2Co+Na) ratio in the Zn0.6 MOR and Zn0 MOR zeolites using ion-exchange 
solutions with composition of 2Co/(2Co+Na) = 1.0. As was the case of the 
ion-exchange with Ni2+, the Zn0.6 MOR samples shows higher 2Co/(2Co+Na) ratio 
compared to Zn0 MOR sample. The result suggested that the Zn0.6 MOR has stronger 
selectivity to Co2+ compared to that of Zn0 MOR.  
 These results suggested that the ion-exchange sites generated by Zn in the 
framework have high affinity for divalent cations than that generated by Al. The high 
selectivity for divalent metals is desirable for several applications such as separation of 
divalent metal cations in low concentration from solutions. 
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Figure 2-28 Changes in the chemical compositions of the solid products after ion-exchange using 
ion-exchange solutions with composition of 2Co/(2Co+Na) = 1.0. 
 
 The Ni2+ ion-exchanged MOR zeolites were tested in oligomerization reaction 
of propylene. The exchanged Ni2+ cations into FAU and MFI zeolites have been 
reported to catalyze oligomerization of light olefins (C2−C4) to higher molecular weight 
hydrocarbons.186,187,188,189 Recently, Ni2+ exchanged zincosilicate zeolites with *BEA 
topology (CIT-6) have been demonstrated to have superior selectivity and stability in 
propylene oligomerization reaction compared to the Ni2+ exchanged aluminosilicate 
analogues of *BEA zeolite.152 The high selectivity to C3n products were attributed to the 
reduced acidity of zincosilicate zeolites.152 Figure 2-29 shows typical reaction data for 
Ni2+ exchanged Zn0 MOR and Zn0.4 MOR at 200 °C. For each samples, propylene 
conversion decreased with increasing time on-stream as the catalyst deactivates. 
Formation of propane was observed for both samples probably because of hydration by 
Brønsted acid sites or hydride transfer reactions.190 The Ni2+ exchanged aluminosilicate 
Zn0 MOR exhibited higher selectivity to C1 and C2 products formed by cracking 
reactions compared to Zn0.4 MOR, likely due to the high acidic strength of the 
aluminosilicate framework. With Zn0 MOR, the C6 selectivity was 5.3% when 
propylene conversion was 13.9%, on the other hand, Zn0.4MOR showed C6 selectivity 
of 21.3% when propylene conversion was 13.1%. The higher selectivity to C6 products 
is likely due to the high ion-exchange ratio and reduced Brønsted acidity of 
zincoaluminosilicate framework. 
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Figure 2-29 Time-on-stream profiles of conversion, carbon balance, and product selectivity for 
(a) Ni-Zn0 MOR and (b) Ni-Zn0.4 MOR catalysts. 
 
 
2.4 Conclusions 
 Organic-free synthesis of zincoaluminosilicate MOR zeolites using 
homogeneous co-precipitated zincoaluminosilicate gels was demonstrated for the first 
time. In contrast to conventional synthesis of zeolites, in which separate sources of Si 
and other tetrahedral atoms such as Al and Zn are used, the co-precipitated gels 
containing all tetrahedral atoms were used as raw materials in the present method. 
Characterization of the zincoaluminosilicate gels suggested that both Zn and Al are 
homogeneously distributed in the silicate matrix. The use of such co-precipitated 
zincoaluminosilicate gels is a key for successful incorporation of both Zn and Al into 
the final MOR zeolite products because ZnO was formed separately from the zeolite 
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framework by using conventional Si, Zn and Al sources. Zincoaluminosilicate MOR 
zeolites were formed from the co-precipitated gels without using the seed crystal, 
however, the crystallization time significantly increased. It was found that there are two 
different local environments of Zn in the zeolite frameworks. The population of each 
site depended on the total contents of Zn in the zeolites. The obtained 
zincoaluminosilicate zeolites showed higher ion-exchange efficiency for nickel(II) 
cations compared to the aluminosilicate analog, thereby providing platforms for several 
important catalytic reactions. 
 
 
2.5 Appendix 
 To broaden the applicable scope of the synthesis using the co-precipitated gels, 
a cobalt-aluminosilicate gel was prepared by the similar co-precipitation method and 
used for synthesis of cobalt-aluminosilicate MOR zeolite with Co atom substituted in 
the silicate framework.  
 The cobalt-aluminosilicate gel was prepared by mixing sodium silicate solution 
(8.25 wt% SiO2) and acidic solution of aluminum sulfate and cobalt sulfate using 
peristaltic pumps. The mixing and the precipitation were performed in a vessel with an 
overflow tube under neutral pH at 40 °C. The amounts of aluminum sulfate and cobalt 
sulfate used for preparation of gels were calculated with Co/(Co+Al) molar ratios of 0.4, 
and Si/(Co+Al) of 8.0. The feed ratio of the sodium silicate solution and the sulfate 
solution was kept at 4:1 (by volume). The averaged residence time of the gel slurry (= 
vessel volume/total feed rate) was kept at around 15 min, so that the vessel volume and 
both of the feed rates were optimized. The neutralized suspension containing the 
cobalt-aluminosilicate gel was collected and recovered by a centrifugal separator. The 
gel was thoroughly washed with deionized water. The water content in the gel was 
measured from a weight loss after calcination at 600 °C for 4 h.  
 Cobalt-aluminosilicate MOR zeolites were synthesized using the 
co-precipitated gels. First, seed crystals of MOR zeolite (Tosoh, HSZ-640NAA, Si/Al = 
9.0) were dispersed in sodium hydroxide aqueous solution. Then, the 
cobalt-aluminosilicate gel was added and mixed vigorously. The chemical compositions 
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of the reaction mixtures (without seed crystals) were 1.84 Na2O: 0.3 Al2O3: 0.4 CoO: 
8.0 SiO2: 120 H2O. The hydrothermal synthesis was carried out in a 60-mL autoclave at 
150 °C for 96 h under a static condition. After completion, the solid product was 
recovered by filtration and washed with deionized water until the filtrate reached pH 
7–8. 
 The obtained cobalt-aluminosilicate gel was colored light purple, and turned 
blue after calcination. The obtained product after hydrothermal treatment was also 
colored blue. Figure 2-30 compares the XRD patterns of the product and MOR zeolite 
used as the seed crystal. The product obtained from the co-precipitated gel showed high 
crystallinity comparable to the seed crystal. The high intensity of background around 5 
degree is probably indicative for unknown impurities. As shown in Figure 2-31, 
absorption bands attributed to tetracoordinated Co-O bond were visible from UV-Vis 
spectroscopy, indicating the successful incorporation of cobalt to the zeolite framework. 
Co-substituted MOR zeolites have been prepared using complexing agent (EDMA).191 
The use of cobalt-aluminosilicate gel prepared by the co-precipitation enabled 
cobalt-aluminosilicate MOR zeolites without using any organics probably likely due to 
the highly dispersed cobalt in the silicate matrix. 
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Figure 2-30  Powder XRD pattern of the MOR zeolite used as seed crystal and 
cobalt-aluminosilicate MOR zeolite obtained from the co-precipitated gel. 
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Figure 2-31  UV-Vis spectra of the cobalt-aluminosilicate MOR zeolite obtained from the 
co-precipitated gel. 
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Chapter 3.  
Organic-Free Synthesis of Various 
Zincoaluminosilicate Zeolites from Co-precipitated 
Zincoaluminosilicate Gels by Applying Composite 
Building Unit Hypothesis 
 
3.1 Introduction 
As described in Chapter 2, one of the obstacles in the synthesis of zinc-containing 
zeolites is a use of organic structure-directing agents (OSDAs), because of the high cost 
and environmental burden. The high-zinc-containing zincosilicates, VPI-7,137 VPI-9,141 
and RUB-17149 are prepared in the presence of Na+ Rb+, mixture of Na+ and K+, 
respectively, without using OSDAs. Those zincosilicate zeolites have characteristic 
framework topologies rich in 3 membered-ring (3MR) with no pure-silica or 
aluminosilicate analogs. Expanding the number of available zinc-containing zeolite 
prepared in OSDA-free manner is necessary because desirable zeolite topology varies 
depending on required properties.  
 In the case of aluminosilicate zeolites, OSDA-free synthesis method have been 
established for zeolites with various topologies.192,193,194 Recently, Itabshi et al. have 
reported versatile approach to achieve OSDA-free synthesis of various aluminosilicate 
zeolites based on building units of zeolite structures.169 The framework structures of 
zeolites consist of secondary building unit (SBU), which are derived assuming that the 
entire framework is made up of one type of SBU only, and / or composite building unit 
(CBU), which are the units appear in several different framework structures, and can be 
useful in identifying relationships between framework types, as defined by the IZA-SC. 
The following hypothesis was proposed based on the CBUs to understand the various 
OSDA-free synthesis achieved by seed-assisted method. That is, when the seed crystal 
of target zeolite is added in the synthesis mixture that yields zeolite having common 
63 
 
CBU in an OSDA-free manner, the crystallization of target zeolite can be proceeded 
without addition of OSDAs.169 This hypothesis explains various OSDA-free synthesis 
of zeolites. For example, as shown in Figure 3-1 (a), the mor CBU is common in *BEA 
and MOR structures, and OSDA-free synthesis of the *BEA zeolite was achieved by 
adding *BEA seed crystals to Na-aluminosilicate gel which yields MOR zeolite with the 
absence of seeds. MFI and MEL zeolites, which also contains the mor unit was also 
achieved by adding the seed crystals to the same Na-aluminosilicate gel which yields 
MOR zeolite with the absence of seeds (Figure 3-1(b)). It was also shown that synthesis 
conditions such as gel composition and temperature of hydrothermal treatment should 
be optimized to prevent spontaneous nucleation before the completion of crystallization 
of the targeted zeolites. 
    
Figure 3-1 Correlation of common composite building unit between (a) MOR and *BEA, and (b) 
MOR, MFI, and MEL.169 
 
 With the assistance of seed crystals, synthesis of many aluminosilicate zeolites, 
including MTW,171,195 MSE,196 MAZ197 and MWW172 zeolites, was achieved based on 
the CBU hypothesis. It was also reported that zincosilicate *BEA zeolite can be used as 
a seed crystals to obtain aluminosilicate *BEA zeolite.198 The obtained aluminosilicate 
zeolite *BEA possesses a hollow structure due to the dissolution of seed zincosilicate 
zeolite.198 Recently, it was reported that the CBU hypothesis was further extended to 
replace complex OSDAs to the simple one for the synthesis of MSE zeolite.199 
 However, the only successful example for seed-assisted, OSDA-free synthesis 
of zincosilicate zeolite is VET.173 It still remains a significant challenge to broaden the 
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types of zinc-containing zeolites that can be synthesized without using any OSDAs.  
 With the accomplishment of OSDA-free synthesis of zincoaluminosilicate 
MOR zeolite as described in Chapter 2, the OSDA-free synthesis of other zincosilicate 
zeolites having common CBU with MOR zeolite were targeted in this chapter to solve 
the abovementioned problem. The homogeneous zincoaluminosilicate gels, in which 
both Zn and Al atoms are substituted in silicate matrix, was used as starting materials to 
achieve successful zinc incorporation as described in Chapter 2. The *BEA and MFI 
zeolite, which has the common CBU with MOR was selected as the target zeolite 
(Figure 3-2). 
 
*BEA
1
1
MFIMOR
CBU
Framework 
structure
 
Figure 3-2 Framework structures and composite building units (CBU) of *BEA, MOR and MFI 
zeolites 
 
 
3.2 Experimental Section 
3.2.1  Materials 
The following chemicals were used as received for synthesis of zeolites: sodium silicate 
solution (JIS No.3, Fuji Kagaku CORP), aluminum sulfate solution (Taimei Chemicals 
Co., Ltd.), zinc sulfate (Wako Pure Chemical Industries, Ltd.), sodium hydroxide 
solution (Wako Pure Chemical Industries, Ltd.), sulfuric acid solution (Wako Pure 
Chemical Industries, Ltd.), fumed silica (Cab-O-Sil M-5, Cabot Co.), sodium aluminate 
(Wako Pure Chemical Industries, Ltd.), and zinc acetate (Wako Pure Chemical 
Industries, Ltd.). 
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3.2.2  Preparation of Zincoaluminosilicate Gels 
The zincoaluminosilicate gels were prepared by mixing sodium silicate solution (8.25 
wt% SiO2) and acidic solution of aluminum sulfate and zinc sulfate using peristaltic 
pumps. The mixing and the precipitation were performed in a vessel with an overflow 
tube under neutral pH at 40 °C. The desired amounts of aluminum sulfate and zinc 
sulfate used for preparation of gels were calculated with Zn/(Zn+Al) molar ratios of 0.1, 
0.2, 0.4, 0.6, 0.8, and 1, while keeping Si/(Zn+Al) at 8.0. The feed ratio of the sodium 
silicate solution and the sulfate solution was kept at 4:1 (by volume). The averaged 
residence time of the gel slurry (= vessel volume/total feed rate) was kept at around 15 
min, so that the vessel volume and both of the feed rates were optimized. The 
neutralized suspension containing the zincoaluminosilicate gel was collected and 
recovered by a centrifugal separator. The gel was thoroughly washed with deionized 
water. The water content in the gel was measured from a weight loss after calcination at 
600 °C for 4 h. 
 
3.2.3  Synthesis of *BEA and MFI Zeolites from Zincoaluminosilicate 
Gels 
Zincoaluminosilicate zeolites were synthesized using the co-precipitated gels. First, 
seed crystals of target zeolite, MFI zeolite (Tosoh, HSZ-820NHA, Si/Al = 11.5) and 
*BEA zeolite (Tosoh, HSZ-931HOA, Si/Al = 13.6 or UniZeo, TEA023, Si/Al = 14.5), 
were dispersed in sodium hydroxide aqueous solution. Then, the zincoaluminosilicate 
gel was added and mixed vigorously. The typical chemical compositions of the reaction 
mixtures (without seed crystals) were 1.84 Na2O: 0.5(1-x) Al2O3: x ZnO: 8.0 SiO2: 120 
H2O, where x was varied as 0.1, 0.2, 0.4, 0.6, 0.8, and 1. The weight of seed crystals 
was fixed at 10 wt% (on a basis of SiO2). The hydrothermal synthesis was carried out in 
a 60 mL autoclave at 150 °C for 20–96 h under a static condition. After completion, the 
solid product was recovered by filtration and washed with deionized water until the 
filtrate reached pH 7–8. The product was dried at 80 °C overnight before subsequent 
characterizations. 
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3.2.4  Characterization 
Powder X-ray diffraction (XRD) analysis was conducted to determine the crystal 
structure of the products using a diffractometer (Rigaku Ultima IV) operated with Cu 
Kα monochromatized radiation at 40 kV and 40 mA. Elemental analysis of the products 
was performed by inductively coupled plasma-atomic emission spectrometry (ICP-AES, 
Thermo iCAP 6300) after dissolving the products in hydrofluoric acid or potassium 
hydroxide solutions. To observe crystal size and morphology, field-emission scanning 
electron microscopy (FE-SEM) images were obtained from JFM-7500FA (JEOL) at an 
accelerating voltage of 15 kV. Nitrogen adsorption–desorption measurements were 
performed on Quantachrome Autosorb-iQ2-MP at liquid nitrogen temperature. Prior to 
the measurements, the samples were degassed at 400 °C for 6 h under vacuum. Diffuse 
reflectance (DR) UV–vis spectra in the range over 190 nm were recorded on a JASCO 
V-670 spectrometer in the 190−800 nm wavelength range using barium sulfate as a 
reference. To obtain UV–vis spectra below 190 nm, a Shimadzu SolidSpec-3700DUV 
spectrometer was used. Solid-state magic-angle-spinning (MAS) nuclear magnetic 
resonance (NMR) experiments were conducted on a JNM-ECA 500 (JEOL). 27Al MAS 
NMR spectra were recorded at 130.3 MHz with a pulse length (π/2) of 3.2 μs, a recycle 
delay of 5 s, and a spinning frequency of 14 kHz. 29Si MAS NMR spectra were 
recorded at 99.3 MHz with a pulse length (π/2) of 5.0 μs, a recycle delay of 60 s, and a 
spinning frequency of 10 kHz. To characterize local environments of Zn in the obtained 
zeolites, ion-exchange with Ni(II) was performed. 0.01 M of nickel nitrate aqueous 
solution was prepared from nickel(II) nitrate hexahydrate (Wako Pure Chemical 
Industries, Ltd.). pH of the solution was adjusted to 6.0–6.5 by adding a few drops of 
ammonia aqueous solution (3 wt%). The solid samples (0.3 g) were dispersed in the 
nickel nitrate solution (100 mL) and then stirred at 500 rpm and room temperature. 
After stirring for 2 days, the samples were separated from the solution by centrifugation 
and re-dispersed in 100 mL of fresh nickel nitrate solution. The ion-exchange procedure 
was repeated for 3 times. Finally, the ion-exchanged products were thoroughly washed 
with deionized water and dried at 80 °C. The content of Ni was determined by ICP-AES 
(Thermo iCAP 6300). 
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3.3 Results and Discussion 
3.3.1 Characterization of Zincoaluminosilicate Gels 
The co-precipitated zincoaluminosilicate gels were formed with ratios of Zn/(Zn+Al) 
almost identical to the initial ratios of the solutions of zinc sulfate and aluminum sulfate 
used in the co-precipitation. Both Zn and Al are proved to be highly dispersed in the 
silicate structures. The detailed characterizations of the zincoaluminosilicate gels are 
described in Chapter 2.2.3. 
 
3.3.2 Synthesis of *BEA Zeolites from Zincoaluminosilicate Gels 
Powder XRD patterns of the products obtained by using *BEA seed crystals (Tosoh 
(HSZ931HOA)) and the zincoaluminosilicate gels with Zn/(Zn+Al) of 0, 0.1, 0.2, and 
0.4 after hydrothermal treatment at 150 °C for 61 h are shown in Figure 3-3. The 
formation of highly crystalline *BEA zeolites was confirmed when the Zn/(Zn+Al) ratio 
was 0–0.2. As shown in Figure 3-4, well-defined crystals with truncated octahedral 
morphology that is typical for *BEA zeolites were observed. When the Zn/(Zn+Al) ratio 
was increased to 0.4, the crystallinity of the zeolite product was significantly decreased. 
To further improve its crystallinity, synthesis time was prolonged in the same conditions, 
but MOR zeolite was formed as a by-product. As shown in Table 3-1, the resulting 
*BEA zeolites had the contents of Zn comparable to those of initial 
zincoaluminosilicate gels used in the synthesis. Furthermore, the Na/(Zn+Al) ratio was 
about 1, suggesting that the Zn atoms generated one anionic charge per Zn in the zeolite 
frameworks. 
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Figure 3-3  Powder XRD patterns of products synthesized from co-precipitated 
zoncoaluminosilicate gels with Zn/(Zn+Als) of 0, 0.1, 0.2, and 0.4 with the addition of seed 
crystals of *BEA zeolite (Tosoh (HSZ931HOA)). 
1 um 1 um
(a) Zn/(Al+Zn) = 0 (b) Zn/(Al+Zn) = 0.2
 
Figure 3-4  FE-SEM images of products synthesized from co-precipitated 
zoncoaluminosilicate gels with Zn/(Zn+Als) of (a) 0 and (b) 0.2 by using seed crystals of *BEA 
zeolite (Tosoh (HSZ931HOA)). 
 
Table 3-1  Chemical compositions of the zincoaluminosilicate *BEA productsa 
Sample Zn/(Zn+Al) Si/(Zn+Al) Na/Al Na/(Zn+Al) 
Zn0 *BEA 0 4.5 ± 0.00 1.0 ± 0.00 1.0 ± 0.00 
Zn0.1 *BEA 0.08 ± 0.005 5.3 ± 0.01 1.1 ± 0.02 1.0 ± 0.01 
Zn0.2 *BEA 0.17 ± 0.007 5.0 ± 0.02 1.3 ± 0.03 1.1 ± 0.02 
aDetermined by ICP-AES 
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 Solid-state 27Al MAS NMR measurements were conducted to investigate the 
local environments of Al species in the zincoaluminosilicate *BEA zeolites obtained 
after hydrothermal treatment of 61 h and 53 h, and aluminosilicate *BEA zeolite 
obtained after hydrothermal treatment of 53 h (Figure 3-5). In all samples, only one 
resonance at δ = 54.7 ppm, corresponding to tetrahedrally coordinated Al, was observed. 
27Al MAS NMR spectra of the *BEA zeolites with zinc have a shoulder peak in a range 
of chemical shifts at around 53–45 ppm compared to that of *BEA zeolite with no zinc 
(aluminosilicate *BEA zeolite). The lower chemical shift suggests increase in the 
average Al−O−Si angles.176,200 Incorporation of zinc to aluminosilicate framework is 
expected to increase the angles because of the longer Zn–O bond length (ca. 2 Å), 
compared with Si–O (ca. 1.6 Å) and Al–O (ca. 1.8 Å). Therefore, the increase in the 
shoulder at lower chemical shifts is probably another evidence of zinc substitution in the 
zeolite framework. 
70 60 50 40
(ppm)
 Zinco-aluminosilicate
        71h
 Zinco-aluminosilicate 
        53h
 Aluminosilicate
        53h
Zn/(Zn+Al) = 0 (53 h)
Zn/(Zn+Al) = 0.2 (53 h)
Zn/(Zn+Al) = 0.2 (62 h)
70 60 50 40
d  / ppm
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        71h
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        53h
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Figure 3-5  Solid-state 27Al MAS NMR spectra of (zinco)aluminosilicate *BEA zeolites with 
Zn/(Zn + Al) values of 0 and 0.2, obtained after hydrothermal treatment at 150 oC for 53 hour and 
62 hour. 
 
 In the seed assisted OSDA-free synthesis, the seed crystals of target zeolite 
play a crucial role in the crystallization. When there is no seed crystals, other phases are 
formed instead of the targeted one.169 The effect of the type of seed crystals were 
investigated using different seed. *BEA zeolites provided from Tosoh (HSZ931HOA) 
and UniZeo (TEA023) were used for the comparison. The Si/Al ratio (13.6 for 
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HSZ931HOA and 14.5 for TEA023) is comparable, while the crystal sizes are 
significantly different (ca. 4 um for HSZ931HOA and ca. 100 nm for TEA023). Figure 
3-6 shows the XRD patterns of the products prepared using the zincoaluminosilicate gel 
with Zn/(Zn+Al) of 0.2 after hydrothermal treatment at 150 oC. When the XRD patterns 
of the products obtained from 53h of the hydrothermal treatment are compared, both 
product obtained using HSZ931HOA and TEA023 seed crystals contains amorphous 
phase. The intensity of diffraction peaks of the product obtained by using TEA023 was 
higher than that obtained by using HSZ931HOA. After 62 h, the amorphous phase 
almost disappeared and the intensity of diffraction peaks of the product obtained by 
using TEA023 was again higher than that obtained by using HSZ931HOA. It is 
suggested that the smaller particle sizes of TEA023 seed crystals is preferable for the 
crystal growth of *BEA zeolite, as reported in the synthesis of several aluminosilicate 
zeolites.201 
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Figure 3-6  Powder XRD patterns of products synthesized from co-precipitated 
zincoaluminosilicate gels with Zn/(Zn+Al) of 0.2 with the addition of seed crystals of *BEA 
zeolite provided from (a) Tosoh (HSZ931HOA) and (b) UniZeo (TEA023) . 
 
 Figure 3-7 shows Nitrogen adsorption–desorption isotherms of *BEA seed 
crystals provided from (a) Tosoh (HSZ931HOA) and (b) UniZeo (TEA023), and the 
products synthesized from co-precipitated zincoaluminosilicate gel with Zn/(Zn+Al) of 
0.2 using the seed crystals. The TEA023 seed crystals showed remarkably high uptake 
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at high partial pressure, suggesting large outer surface area due to the small particle 
sizes. As shown in Table 3-2, zincoaluminosilicate *BEA zeolites obtained by using 
TEA023 seed crystals exhibited higher micropore volumes compared to that obtained 
using HSZ931HOA seed crystals. It is again suggested that the smaller particle sizes of 
TEA023 seed crystals is effective for the crystal growth of *BEA zeolite. 
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Figure 3-7  Nitrogen adsorption–desorption isotherms of products synthesized from 
co-precipitated zincoaluminosilicate gels with Zn/(Zn+Al) of 0.2 with the addition of seed 
crystals of *BEA zeolite from (a) Tosoh (HSZ931HOA) and (b) UniZeo (TEA023) . 
 
Table 3-2  Micropore volumes and BET surface areas of the zincoaluminosilicate *BEA 
productsa 
 (a) Seed: Tosoh HSZ931HOA (b) Seed: TEA023 
 SBET b/m2g-1 Vmicroa /cm3g-1 SBETb /m2g-1 Vmicro a/cm3g-1 
seed 670 0.23 630 0.16 
53h 370 0.13 470 0.15 
62h 500 0.18 610 0.21 
aMicropore volumes determined by a t-plot method. bBET surface area. dNot determined. 
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 Even with the TEA023 seed crystals, when the Zn/(Zn+Al) ratio was increased 
to 0.4, the crystallinity of the zeolite *BEA product decreased and formation of MOR 
zeolite and layered silicate material was confirmed by XRD analysis and SEM 
observation, respectively (Figure 3-8). In this condition, amount of NaOH added to the 
mixture was varied from the initial ratio of NaOH/Si = 0.46 to 0.4 and 0.5. With the 
decreased alkalinity, NaOH/Si of 0.4, formation of MOR zeolite was enhanced. This is 
probably because the partial dissolution of seed crystal surface was suppressed due to 
the low alkalinity. And the speed for crystal growth of *BEA decreased in this 
conditions. With the increased alkalinity, NaOH/Si of 0.5, crystallinity of obtained 
zeolite *BEA was significantly decreased, and main product observed in SEM analysis 
was layered material. It is known that the synthesis of zincosilicate *BEA zeolites (i.e., 
CIT-6 zeolite)145 with high contents of Zn is difficult and the Si/Zn ratio of CIT-6 is 
typically limited in a range of 30–50, regardless of synthesis conditions. Similarly, in 
our case, the Si/Zn of the zincoaluminosilicate *BEA products was 30–60. This may 
reflect the upper limit for Zn in the *BEA zeolite. It is noteworthy that Li+ cations are 
required for conventional synthesis of CIT-6 but in this case only Na+ was added as a 
cation for synthesis of zincoaluminosilicate *BEA zeolites.  
 Collectively, these results confirm the applicability of the co-precipitated 
zincoaluminosilicate gels as starting materials for the synthesis of *BEA zeolite with 
reasonable chemical compositions. 
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Figure 3-8 (a) Powder XRD patterns of products synthesized using co-precipitated 
zincoaluminosilicate gels with Zn/(Zn+Al) of 0, 0.2 and 0.4 with the addition of seed crystals of 
*BEA zeolite from UniZeo (TEA023) and (b) FE-SEM image of product synthesized from 
co-precipitated zincoaluminosilicate gels with Zn/(Zn+Al) of 0.4 with the addition of seed 
crystals of *BEA zeolite from UniZeo (TEA023). 
 
3.3.3  Synthesis of MFI zeolites from Zincoaluminosilicate Gels  
The synthesis of MFI zeolites was conducted at 170 oC or 190 oC according to the 
previous research which reported that, at 140 and 150 °C, the crystallization of MOR 
zeolites started prior to the crystallization of MFI zeolites because of its slower crystal 
growth rate in low temperature.169 
 Figure 3-9 shows powder XRD patterns of the products obtained from the 
zincoaluminosilicate gels with Zn/(Zn+Al) of 0.4 and 0.6 after hydrothermal treatment 
at 170 °C. When the amount of NaOH was same as that used in the synthesis of MOR 
zeolites in chapter 2 (i.e. NaOH/Si = 0.46), MOR phase appeared before completion of 
MFI crystallization both with Zn/(Zn+Al) of 0.4 (Figure 3-9 (a)(i)-(ii)) and 0.6 (Figure 
3-9 (b)(i)-(iii)). These results suggest that zincoaluminosilicate MFI zeolites was 
obtained by the growth of seed crystals of MFI zeolites, in competition with the 
nucleation of MOR zeolites, as was the case of the synthesis of zincoaluminosilicate 
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*BEA zeolites described in the previous section. When the amount of NaOH was 
decreased to NaOH/Si of 0.3, highly crystalline MFI zeolites without MOR phase was 
obtained by using co-precipitated gel with Zn/(Zn+Al) of 0.4 after 3 days, probably 
because nucleation of MOR zeolite was suppressed in the low alkalinity (Figure 
3-9(a)(iii)). When the hydrothermal treatment was prolonged to 6 days, trace amount of 
MOR phase was observed (Figure 3-9(a)(iv)). With the co-precipitated gel with 
Zn/(Zn+Al) of 0.6, MFI zeolite was obtained without MOR phase with NaOH/Si of 0.3, 
however, the crystallinity was low compared to that obtained with Zn/(Zn+Al) of 0.4 
even after 8 days (Figure 3-9(b)(iv)). When the NaOH/Si ratio was further decreased to 
0.25, the crystallinity of obtained products significantly decreased with both 
Zn/(Zn+Al) of 0.4 and 0.6, probably because partial dissolution of seed surface was 
suppressed due to the low alkalinity and crystal growth of MFI was prohibited (Figure 
3-9(a)(v) and (b)(v)). 
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Figure 3-9  Powder XRD patterns of products synthesized from co-precipitated 
zincoaluminosilicate gels with Zn/(Zn+Al) of (a) 0.4 and (b) 0.6 with the addition of seed crystals 
of MFI zeolite by hydrothermal treatment at 170 oC. The ratio of NaOH/Si and duration of 
hydrothermal treatment time was varied. 
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 To increase the crystallinity of MFI zeolite with high zinc content (Zn/(Zn+Al) 
= 0.6), the hydrothermal temperature was increased to 190 oC. By using the 
co-precipitated gel with Zn/(Zn+Al) of 0.4, highly crystalline MFI zeolite was obtained 
with NaOH/Si of 0.3 in 2 days, however, formation of trace amount of MOR zeolite was 
confirmed (Figure 3-10 (a)(ii)). When the NaOH/Si ratio was slightly decreased to 0.28, 
highly crystalline MFI zeolite was obtained without the formation of MOR zeolite 
(Figure 3-10 (a)(iii)). When the co-precipitated gel with Zn/(Zn+Al) = 0.6 was used, 
highly crystalline MFI zeolite was obtained with NaOH/Si of 0.3 (Figure 3-10 
(b)(i)–(iii)). Formation of MOR zeolite was not observed even after 8 days (Figure 3-10 
(b)(iii)), suggesting that crystal growth of MOR zeolite was suppressed in the condition 
with high zinc content.  
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Figure 3-10  Powder XRD patterns of products synthesized from co-precipitated 
zincoaluminosilicate gels with Zn/(Zn+Al) of (a) 0.4 and (b) 0.6 with the addition of seed crystals 
of MFI zeolite by hydrothermal treatment at 190 oC. The ratio of NaOH/Si and duration of 
hydrothermal treatment time was varied. 
 
 Synthesis of MFI zeolites using co-precipitated gels with Zn/(Zn+Al) = 0.2 and 
0.8 was also conducted. As shown in Figure 3-11(a), by using the gel with Zn/(Zn+Al) 
of 0.2, diffraction peaks attributed to MOR zeolites was observed with the NaOH/Si 
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ratio of 0.3 in both 170 and 190 oC (Figure 3-11(a)(i)–(iii) and (v)). When the NaOH/Si 
ratio was decreased to 0.2, the crystallization of MFI zeolite was not proceeded in both 
170 and 190 oC (Figure 3-11(a)(iv) and (vii)). When the NaOH/Si ratio was adjusted to 
0.28, highly crystalline MFI zeolite was obtained without MOR formation after 
hydrothermal treatment at 190 oC for 20 hours (Figure 3-11(a)(vi)). On the other hand, 
when the gel with Zn/(Zn+Al) of 0.8 was used, formation of MOR zeolite was not 
observed in any conditions, in agreement with the results described in Chapter 2. When 
the hydrothermal treatment was conducted at 170 oC, MFI zeolite with high crystallinity 
was not obtained after 9 days with NaOH/Si of 0.3 and 0.4 (Figure 3-11(b)(i) and (ii)), 
and when the synthesis time was prolonged to 12 days, unknown impure phase was 
observed (Figure 3-11(b)(iii)). When the temperature was increased to 190 oC, MFI 
zeolite was obtained after 6 days wih NaOH/Si of 0.3 (Figure 3-11(b) (vii)). 
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Figure 3-11  Powder XRD patterns of products synthesized from co-precipitated 
zincoaluminosilicate gels with Zn/(Zn+Al) of (a) 0.2 and (b) 0.8 with the addition of seed crystals 
of MFI zeolite by hydrothermal treatment at 170 oC and 190 oC. NaOH/Si ratio and duration of 
hydrothermal treatment time was varied. 
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 Figure 3-12 shows FE-SEM images of zincoaluminosilicate MFI zeolites 
successfully prepared using co-precipitated gels with Zn/(Zn+Al) = 0.2 (NaOH/Si = 
0.28, 190 oC, 20 hours), Zn/(Zn+Al) = 0.4 (NaOH/Si = 0.28, 190 oC, 2 days), 
Zn/(Zn+Al) = 0.6 (NaOH/Si = 0.3, 190 oC, 4 days) and Zn/(Zn+Al) = 0.8 (NaOH/Si = 
0.3, 190 oC, 6 days)  with the optimized conditions. Those samples are referred to as 
Zn0.2 MFI, Zn0.4 MFI, Zn0.6 MFI and Zn0.8 MFI. The obtained MFI zeolites with 
Zn/(Zn+Al) = 0.2 possess needle like structures with length of 3–5 m (Figure 3-12(a)). 
When the zinc content was increased to Zn/(Zn+Al) = 0.4, the obtained crystals had 
morphology with needles aggregate at a center point and stretch to the around, forming 
snowflake-like clusters (Figure 3-12(b)). It is clear that with the increasing content of 
zinc, the thickness of the needles became thicker and number of needles aggregated 
around the same center increased, forming a larger cluster. These findings indicated that 
this novel morphology of crystals cluster depends on zinc amount. It has been reported 
that increase of twinned crystals is one evidence for substitution of isomorphous 
heteroatoms in the zeolite framework.202,167 Therefore, this twined morphology is 
supposed to be correlated with the existence of zinc in zeolite frameworks. 
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Figure 3-12  FE-SEM images of products synthesized from co-precipitated 
zincoaluminosilicate gels with Zn/(Zn+Al) of (a) 0.2, (b) 0.4, (c) 0.6 and (d) 0.8 with the addition 
of seed crystals of MFI zeolite . 
 
 Figure 3-13 compares the diffraction peaks in powder XRD patterns of those 
zincoaluminosilicate MFI zeolites. As is shown clearly in Figure 3-13(b), the diffraction 
peaks are shifted to lower angle with the increase in zinc content. These results suggest 
a lattice expansion due to the larger size of Zn atoms than that of Si.  
78 
 
 
In
te
n
si
ty
 /
 a
. 
u
.
403530252015105
2 θ (CuKα) / degree
 MFI160105P
 '161125K'
 '160929N'
 NH170911_MFI02
2q ( uKa  d  
In
te
n
s
it
y
 /
 a
. 
u
.
2 4
Zn/(Zn+Al) = 0.8
Zn/(Zn+Al) = 0.6
Zn/(Zn+Al) = 0.4
Zn/(Zn+Al) = 0.2
2q (CuKa) / degree 
23 2421 22 25 26
In
te
n
s
it
y
 /
 a
. 
u
.
x1
0
3  
2232
Zn/(Zn+Al) = 0.8
Zn/(Zn+Al) = 0.6
Zn/(Zn+Al) = 0.4
Zn/(Zn+Al) = 0.2
(b)(a)
 
Figure 3-13  Powder XRD patterns of products synthesized from co-precipitated 
zincoaluminosilicate gels with Zn/(Zn+Al) of 0.2, 0.4, 0.6 and 0.8 with the optimized conditions 
using seed crystals of MFI zeolite. 
 
 Chemical compositions and micropore volumes of the obtained MFI zeolites 
are summarized in Table 3-3. The molar Zn/(Zn+Al) ratios of the zeolite products were 
almost the same as those of the initial zincoaluminosilicate gels. It was also confirmed 
that the obtained MFI zeolites had high micropore volumes. The micropore volumes 
were slightly decreased with the Zn/(Zn+Al) ratio of 0.8, probably because of the high 
content of sodium inside the pore, or higher atomic weight of zinc compared to 
aluminum. Since the Na/(Zn+Al) ratio is close to 1 for all samples, most of zinc species 
are expected to generate one negative charge per the atom. 
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Table 3-3  Chemical compositions and micropore volumes of the obtained zincoaluminosilicate 
MFI products 
Zn/(Zn+Al) 
(Initial) 
Si/(Zn+Al) a Zn/(Zn+Al) a Na/(2Zn+Al) a Na/(Zn+Al) a Vmicro
b/ cm2g-1 SBET c/ m2g-1 
0.2 6.69 0.17 0.76 0.89 n. d. d n. d. d 
0.4 7.03 0.37 0.75 1.03 0.08 220 
0.6 7.20 0.55 0.73 1.13 0.08 250 
0.8 7.69 0.74 0.62 1.08 0.06 200 
aDetermined by ICP-AES. bMicropore volumes determined by a t-plot method. cBET surface area. 
dNot determined. 
 
 Solid-state 27Al MAS NMR measurements were conducted to investigate the 
local environments of Al species in the zincoaluminosilicate MFI zeolites. As shown in 
Figure 3-14, no octahedrally coordinated Al species, generally appearing at a chemical 
shift (δ) of ca. 0 ppm, were observed in the zincoaluminosilicate MFI zeolites prepared 
using zincoaluminosilicate gels with Zn/(Zn+Al) of 0.4, 0.6 and 0.8 in the optimized 
conditions. In all samples, only one resonance at around δ = 54.2–54.7 ppm, 
corresponding to tetrahedrally coordinated Al, was observed. This suggests that all Al 
species are incorporated in the silicate structures in a four-coordination.  
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Figure 3-14 Solid-state 27Al MAS NMR spectra of zincoaluminosilicate MFI zeolites obtained 
from gels with of Zn/(Zn+Al) of 0.4, 0.6 and 0.8. 
 
 Figure 3-15 shows solid-state 29Si MAS NMR spectra of Zn0.2 MFI, Zn0.4 
MFI and Zn0.6 MFI. The spectra were deconvoluted to three signals attributed to 
Q4(0T) silicon species (Si(OSi)4) at δ around −110 ppm, Q4(1T) silicon species 
(Si(OT)(OSi)3) at δ of ca. −105 ppm, and Q4(2T) silicon species (Si(OT)2(OSi)2) at δ of 
ca. −95 ppm, where T stands for substituted Zn or Al atoms. The peak shifts derived 
from substituted Zn and Al are calculated together here because it has been difficult to 
distinguish Q4(1Zn) and Q4(1Al). The broader peak in low shift range is probably due to 
contribution from Zn species. Si/(Zn+Al) ratio was calculated for each samples from the 
peak areas of the three peaks using following formula. 
 
 The Si/(Zn+Al) ratios calculated from the 29Si MAS NMR spectra are close to 
the ratios obtained by ICP-AES analysis. The concurrence of the chemical compositions 
calculated from 29Si MAS NMR and ICP-AES results suggests the successful 
incorporation of Zn and Al atoms into the zeolite frameworks. The Zn0.6 MFI exhibited 
slightly smaller Si/(Zn+Al) ratios calculated from NMR spectra compared to those of 
ICP-AES results, likely indicating the presence of some silanol defects in the zeolites. 
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Figure 3-15  Solid-state 29Si MAS NMR spectra and their peak deconvolution of MFI zeolites 
obtained from gels with of Zn/(Zn+Al) of 0, 0.4, and 0.6 (i.e., Zn0.2 MFI, Zn0.4 MFI and Zn0.6 
MFI). 
 
3.3.4 Environments of Zn in Zincoaluminosilicate Zeolites 
The environment of zinc species in the obtained zincoaluminosilicate MFI zeolites was 
investigated in the view of ion-exchange capability for a divalent cation. Ni2+ was used 
as a model cation of divalent cations because Ni-exchanged zeolites show promising 
catalytic activity for dimerization and oligomerization of alkenes.152,182,183 The 
aluminosilicate MFI zeolite used as seed crystals and zincoaluminosilicate MFI zeolites 
obtained from zincoaluminosilicate gels with Zn/(Zn+Al) of 0.4, 0.6 and 0.8 was tested 
in the ion- exchange experiments. Chemical compositions of the products recovered 
after ion-exchange are summarized in Table 3-4. The Ni/(Zn+0.5Al) ratio was almost 1 
for the aluminosilicate MFI and zincoaluminosilicate MFI obtained from 
zincoaluminosilicate gels with Zn/(Zn+Al) of 0.4 and 0.6. This results suggest that the 
ion-exchange ratio reached 100% when all Zn species in the sample are assumed to 
generate two negative charges per the atom, being dication ion-exchangeable sites. 
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Considering that Si/Al ratio in aluminosilicate MFI is limited,169 the 
zincosluminosilicate MFI zeolites are expected to achieve higher amount of Ni2+ 
introduced to zeolite than aluminosilicate MFI zeolites on the basis of weight ratio. As 
shown in Table 3-4, the weight percent of introduced nickel increased with the 
increasing content of zinc. These results suggested that zincoaluminosilicate MFI 
zeolites would be efficient materials for hosting divalent cations.  
 
Table 3-4 Chemical compositions of the products after ion-exchange with Ni2+ cationsa 
 
Si/(Al+Zn) Zn/(Al+Zn) Ni/(Zn+0.5Al) Ni/(0.5Zn+0.5Al) Ni wt% 
Ni_MFI  
(Seed) 
10.129 0.000 1.044 1.044 4.1 
Ni_MFI 
(Zn/(Al+Zn) = 0.4) 
7.437 0.326 1.041 1.381 6.9 
Ni_MFI 
(Zn/(Al+Zn) = 0.6) 
7.285 0.519 1.065 1.619 8.2 
Ni_MFI 
(Zn/(Al+Zn) = 0.8) 
7.524 0.735 0.894 1.552 8.0 
aDetermined by ICP-AES.  
 
3.4 Conclusion 
By using the zincoaluminosilicate gels prepared by co-precipitation, organic free 
synthesis of zincoaluminosilicate *BEA and MFI zeolites was achieved by seed assisted 
method. The synthesis was conducted by adding the seed crystals of target zeolite to the 
synthetic mixture which yields MOR zeolite with the absence of seeds. It was also 
shown that synthesis conditions such as NaOH/Si ratio and temperature of hydrothermal 
treatment should be optimized to prevent spontaneous nucleation of MOR zeolites 
before the completion of crystallization of the targeted zeolites. These results can be 
understood by the CBU hypothesis which established for aluminosilicate zeolites, since 
the MOR, *BEA and MFI zeolites have a common CBU in their topologies. This 
achievement showed the possibility to prepare various zinc containing zeolites in an 
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OSDA-free manner by applying the CBU hypothesis as have been achieved with 
various aluminosilicate zeolites. The *BEA and MFI zeolites were obtained by using 
zincoaluminosilicate gels with Zn/(Zn+Al) = 0.1–0.2, and 0.2–0.8, respectively, while 
the MOR zeolites were prepared by using the gels with Zn/(Zn+Al) of 0.1–0.6. These 
results suggested that the limitation in zinc introduction differs depending of the 
structures of zeolites. Distortion in the structures caused by the longer Zn-O bonds can 
be the one reason of the existence of upper limit. Both zinc and aluminum in the zeolite 
structure were proved to be ion exchange sites. 
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Chapter 4. Synthesis of Zincosilicate Zeolites from 
Zincosilicate gels prepared by an Organic 
Structure-Directing Agent Involved Co-precipitation 
Method 
 
4.1 Introduction 
As described in Chapter 2 and 3, preparation of co-precipitated zincoaluminosilicate 
composite gels is quite important to form zinc-containing zeolites by preventing 
precipitation of zinc species. To further extend the applicable scope of the method 
toward various zeolite structures and compositions, co-precipitation involving organic 
structure-directing agents (OSDAs) is conducted.  
 It has been reported that silicate species in OSDA-containing environment 
form structures relevant to final zeolite structures prior to hydrothermal treatment. For 
example, formation of silicate structures upon gradual addition of TEOS to concentrated 
tetrapropylammoniumoxide (TPAOH), which crystallizes MFI, and 
tetrabutyllammoniumoxide (TBAOH), which crystallizes MEL was investigated. It was 
revealed that the small particles having relevant structures of final zeolite formed by the 
respective OSDA.203,204,205,206  Dry gel conversion (DGC) techniques are the method 
for synthesizing zeolites that hydrogel is dried and crystallized to zeolites in the 
presence of steam (e.g. high-silica *BEA207, high-silica MOR208 and methylene-bridged 
MOR209 synthesis in steam) or in a mixed vapor of steam and OSDAs (e.g. MFI and 
FER synthesis in Et3N and EDA vapor
210).211 This method have accomplished various 
zeolites with compositions which had been previously not available.211 In the 
steam-assisted crystallization method, dried aluminosilicate gel containing OSDAs was 
investigated during the course of crystallization.212 The effect of OSDAs in the initial 
structure of dried gel to form“4-2”-type unit which plays a significant role in the 
crystallization of *BEA-type zeolite was confirmed.212 Changes in distribution of 
tetraethylammonium cation (TEA+) in dry gels during crystallization period was also 
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investigated by temperature programmed decomposition and NMR technique.213 It has 
been also shown that the DGC method is useful to form metallosilicates, such as, 
Ti-*BEA,214 B-*BEA, B-MFI and B-MWW.215 Synthesis of Zn-*BEA was also 
attempted, but it was succeeded only in very low initial zinc content (Si/Zn = 100 – 
200).211  
 As described above, interaction of OSDAs and silicate species (and other metal 
sources) prior to hydrothermal treatment significantly affects the resulting zeolites. The 
co-precipitation method can be considered as a promising method to achieve 
well-mixed metallosilicate material with charge-balancing organic cations. In contrast to 
Chapter 2 and 3, in which sodium cation was used as the counter cation, 
tetraethylammonium (TEA+) cation was occluded in co-precipitated zincosilicate gels as 
charge-balancing cations in this chapter. TEA+ is a common OSDA for *BEA zeolite, 
therefore the prepared TEA-zincoaluminosilicate gels are expected to be suitable 
precursors for zinc-containing *BEA zeolite. 
 
 
4.2 Experimental 
4.2.1 Materials 
The following chemicals were used as received for zeolite synthesis: Fumed silica 
(Cab-O-Sil M-5, Cabot Co.), zinc acetate (Wako Pure Chemical Industries, Ltd.), 
Lithium hydroxide monohydrate (Wako Pure Chemical Industries, Ltd.), 
tetraethylammonium hydroxide (TEAOH) solution (35 wt%, Sigma-Aldrich) and 
Ludox-HS (Sigma-Aldrich Co. LLC.). 
 
4.2.2 Preparation of Zincosilicate Gels Using an Organic 
Structure-Directing Agent 
The zincosilicate gels were prepared by organic structure-agent involved 
co-precipitation method. To prepare silicate solution, fumed silica and TEAOH solution 
(35 wt%) was mixed in a plastic vessel and heated at 80 oC in oven with tumbling at 20 
rpm. The molar ratio of the solution was SiO2 : TEAOH : H2O = 1 : 0.75 : 11.6. After 
86 
 
the heating for 2 hours, fumed silica was totally dissolved and clear solution was 
obtained. Zinc solutions were prepared by mixing zinc sulfate and sulfuric acid. The 
molar ratio of these two solutions was, in total, SiO2 : TEAOH : Zn : SO4 = 1 : 0.75 : x : 
0.38, where the x was varied from 10 to 30. The volume ratio of the silicate solution and 
the zinc solution was adjusted to be 3:1 by addition of distilled water. For example, in a 
typical procedure to prepare the zincosilicate gel with Si/Zn of 10 (x = 0.1), 25 g of 
fumed silica was added to 130 g of TEAOH solution (35 wt%) and heated at 90 oC in an 
oven. Note that the amount of solution should be less than 10 % of the maximum 
capacity of the plastic vessel, otherwise the plastic vessel will not stand the pressure rise. 
After the dissolution of fumed silica and subsequent cooling of the solution, 786 g of 
distilled water was added to the solution and mixed well. In another vessel, 6.7 g of zinc 
sulfate was dissolved in 262 g of distilled water, and sulfuric acid (1mo/L) 137 g was 
added to the solution. The prepared silicate solution and zinc sulfate solutions were 
gradually mixed by using two peristaltic pumps. The mixing and the precipitation were 
performed in a vessel with an overflow tube under neutral pH at 40 °C. The feed ratio of 
the sodium silicate solution and the sulfate solution was kept at 3:1 (by volume). The 
averaged residence time of the gel slurry (= vessel volume/total feed rate) was kept at 
around 15 min, so that the vessel volume and both of the feed rates were optimized. The 
neutralized suspension containing the zincoaluminosilicate gel was collected and 
recovered by a centrifugal separator. The gel was thoroughly washed with deionized 
water. The water content in the gel was measured from a weight loss after calcination at 
600 °C for 4 h. To remove the occluded TEA cations in the zincosilicate gels while 
retaining the silicate structure, two-step calcination was conducted as shown in Figure 
4-1.176 In the first step, the samples were heated in nitrogen flow to carbonize the 
organic species in the samples. Subsequently, the samples were heated in air flow to 
remove the carbon from the samples. 
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Figure 4-1 A calcination profile to remove TEA+ from zincosilicate gels. The ramping rate was 2 
K min-1. 
 
4.2.3 Synthesis of *BEA Zeolites from Zincosilicate Gels 
Synthesis of zincosilicate *BEA zeolites were conducted using the zincosilicate gels 
prepared by the OSDA involved co-precipitation. First, lithium hydroxide monohydrate 
was dissolved to distilled water and subsequently, 35 wt% TEAOH solution was mixed 
to the solution. Then, seed crystals of *BEA zeolite (UniZeo, TEA023) were dispersed in 
the solution. Finally, the zincosilicate gel was added and mixed vigorously. In a typical 
procedure, the chemical compositions of the reaction mixtures (without seed crystals) 
were 0.02 LiOH : 0.45 : TEA : x ZnO: 1.0 SiO2: 30 H2O, where x was varied as 30–10 
according to the composition of the prepared zincosilicate gels. The weight of seed 
crystals was 10 wt% or 20 wt% (on a basis of SiO2). The hydrothermal synthesis was 
carried out in a 60 mL autoclave or 23 mL Teflon-lined stainless autoclave at 
150 °C–210 °C for 20–96 h under a static condition. After completion, the solid product 
was recovered by filtration and washed with deionized water until the filtrate reached 
pH 7–8. The product was dried at 80 °C overnight before subsequent characterizations.  
 For comparison, synthesis of *BEA zeolites using conventional sources of Si 
and Zn, namely, colloidal silica (Ludox) and zinc acetate, respectively, was also carried 
out. Typically, lithium hydroxide was dissolved in TEAOH aqueous solution and 
subsequently, zinc acetate was added to the solution. After the dissolution of zinc 
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acetate, colloidal silica (Ludox HS-40) was added drop wise. Then, the resultant 
mixture was stirred at 500 rpm at room temperature for 1 day. Finally seed *BEA 
crystals were dispersed in the resulting solution and the mixture was stirred vigorously. 
The resulting homogeneous mixture was transferred to an autoclave and hydrothermal 
synthesis was conducted similarly as described above.  
 
4.2.4 Characterization 
Powder X-ray diffraction (XRD) analysis was conducted to determine the crystal 
structure of the products using a diffractometer (Rigaku Ultima IV) operated with Cu 
Kα monochromatized radiation at 40 kV and 40 mA. Elemental analysis of the products 
was performed by inductively coupled plasma-atomic emission spectrometry (ICP-AES, 
Thermo iCAP 6300) after dissolving the products in hydrofluoric acid or potassium 
hydroxide solutions. To observe crystal size and morphology, field-emission scanning 
electron microscopy (FE-SEM) images were obtained from JFM-7500FA (JEOL) at an 
accelerating voltage of 15 kV. Nitrogen adsorption–desorption measurements were 
performed on Quantachrome Autosorb-iQ2-MP at liquid nitrogen temperature. Prior to 
the measurements, the samples were degassed at 350 °C for 6 h under vacuum. Diffuse 
reflectance (DR) UV–vis spectra in the range over 190 nm were recorded on a JASCO 
V-670 spectrometer in the 190−800 nm wavelength range using barium sulfate as a 
reference. CHN elemental analyses were carried out on a CE-440 elemental analyser 
(Exeter Analytical) to measure the carbon, hydrogen, and nitrogen percentage of the 
samples which are related to the amount of organic substance in zeolite pores. Raman 
spectra of the solid products were collected on an NRS-5100 (JASCO) by using a laser 
of 532 nm. High-energy X-ray total scattering (HEXTS) measurements were conducted 
to elucidate the zincosilicate structures in the gels at the beam line of BL04B2 (SPring-8, 
Japan) with a horizontal two-axis diffractometer, dedicated to glass and liquid 
amorphous materials. The powder sample was introduced to a quartz capillary with an 
alumina ball and vacuum grease on top. The incident photon energy was 61.43 keV (= 
0.2018 Å). The maximum Q (Q = 4 sin q/  ; where q is scattering angle,  is the 
wavelength of the photons), Qmax, collected in this study was 25 Å
−1.216 The obtained 
data were subjected to well-established analysis procedures, such as absorption, 
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background, and Compton scattering corrections, and then normalized to give the 
Faber−Ziman total structure factor, S(Q).217 Then, the pair distribution function, G(r), 
was calculated from S(Q) by using the following equation: 
 
where  0 is the atomic number density. 
. 
 
4.3 Results and Discussion 
4.3.1 Characterization of Zincosilicate Gels 
The chemical compositions of the co-precipitated zincosilicate gels are shown in Table 
4-1. The ratios of Si/Zn of the gels were measured by ICP analysis. It was found that the 
Si/Zn ratio was almost identical to the initial ratios of zinc sulfate and fumed silica used 
in the co-precipitation, suggesting that most of zinc and silicon species in the solutions 
precipitated as the gels during the co-precipitation processes. When zinc species are 
introduced to silicate framework, negative charge will be generated to compensate the 
difference in the atomic valence. Therefore, positively charged TEA+ ions are expected 
to be occluded in the gels to balance the charge. The amount of TEA+ in the gels were 
calculated from CHN analysis. In the analysis, by complete combustion of the samples 
in oxygen flow, C is detected as CO2, N is detected as N2 (after reduction process), and 
the amount of H is detected as H2O. As shown in the table, the C/N ratio detected in the 
analysis was 7.8–8.2, suggesting that almost all of the organics occluded in the gels are 
TEA+ cations (C8H20N) which should give the C/N ratio of 8.0. Assuming that 
obtained zincosilicate gels were composed of oxides (zincosilicate), TEA+ and water, 
molar composition of the zincosilicate gels were calculated from the results of ICP 
analysis and CHN analysis. The ratio of oxides/TEA+ was calculated from the results of 
CHN analysis, and ratio of Zn/Si was calculated from the values measured in the ICP 
analysis. As shown in the Table 4-1, the value of TEA+/Zn was 1.74 when the Si/Zn was 
32.7, and TEA+/Zn was 0.78 when the Si/Zn was 10.9. Zn species in silicate 
frameworks are expected to have various structures as shown in Figure 4-2. With Zn 
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species that datively coordinate an oxygen of two neighboring silanols (Figure 4-2(a)), 
no extra cations are occluded in the ion-exchange sites. On the other hand, with the Zn 
site with a neighbouring silanol group (Figure 4-2(b)) and defect-free Zn site linking to 
four silicons via oxygen bridges (Figure 4-2(c)), one negative charge and two negative 
charges are generated to silicate framework, respectively, with charge-balancing cations 
in the ion-exchange sites. According to the observation of TEA/Zn ratio, which should 
be 0, 1 and 2 when all zinc species are in the structures of (a), (b) and (c) in Figure 4-2, 
respectively, in the zincosilicate gels with low zinc content (Si/Zn = 32.7) the site (c) 
exists dominantly, and with increasing content of zinc, the zinc site (a) and (b) 
increased. 
 
Table 4-1 Chemical Compositions of the zincosilicate gels prepared by co-precipitation with 
TEAOH 
Initial 
Si/Zn 
ICP results CHN results Composition (mol) 
Si/Zn C(wt%) H(wt%) N(wt%) Ra(wt%) C/N (mol) TEA ZnO SiO2 
10 10.9 6.11 2.37 0.91 90.6 7.8 0.78 1 10.9 
15 16.5 6.09 2.33 0.87 90.7 8.2 0.83 1 16.5 
20 18.4 7.25 2.58 1.05 89.1 8.1 1.16 1 18.4 
25 26.7 7.21 2.51 1.07 89.2 7.9 1.41 1 26.7 
30 32.7 6.84 2.35 0.98 89.8 8.1 1.74 1 32.7 
a : The residue remained after complete combustion 
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Figure 4-2 Local structures of Zn sites. M+ is a monovalent cation.  
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 To further verify the state and dispersity of zinc in the zincosilicate gels, DR 
UV–vis spectra of the obtained zincosilicate gels were measured. As shown in Figure 
4-3, three major absorption bands were observed at around 250 nm, 210 nm and below 
200 nm. No absorption band assigned to ZnO, which is observed at around 360–380 nm 
due to the O2−→Zn2+ ligand-to-metal charge transfer transition,173 was observed for all 
samples in spite of the high content of zinc. It has been reported that the absorption peak 
at around 250 nm is attributed to the interaction of Zn2+ ion with the zeolite 
framework.218 The absorption band around 210 nm are ascribed to TEA cations.219 The 
absorption band observed below 200 nm can be assigned to the charge transfer 
transitions of Zn in the silicate structure with lattice O2−. From the observation that the 
absorption band below 200 nm is more distinct compared to the band around 250 nm, it 
is suggested that isolate zinc species in silicate structure is the major component in the 
zincosilicate gels. To verify the stability of zincosilicate structure, two-step calcination 
of the gel was conducted at 500 °C for 2 h in nitrogen flow, and subsequently, 500 °C 
for 2 h in air flow (Figure 4-1). Even after the calcination, absorption band assigned to 
ZnO was not observed, suggesting that Zn in the gels was stable against the formation 
of ZnO, providing additional evidence of the high dispersity of Zn in the silicates. After 
the calcination, the sharp absorption band observed below 200 nm, which attributed to 
zinc in silicate structure, decreased. On the other hand, absorption band around 250 nm 
which attributed to Zn2+ species out of silicate structure, increased. Additionally, 
absorption band around 285 nm was observed. The additional absorption band observed 
at around 285 nm is probably assigned to Zn-O-Zn bridging species formed in the 
zeolite pores which have been observed at around 275 nm.220,221,131 These results 
suggested that some of the zinc species in the silicate structures were removed from the 
silicate structure by thermal treatment, though significant amount of ZnO was not 
formed. 
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Figure 4-3  DR UV-Vis spectra of obtained zincosilicate gel (Si/Zn = 16.5 and 32.7) dried at 80 
oC and zincosilicate gel (Si/Zn = 16.5) after two step calcination (Figure 4-1, 500 °C for 2 h in 
nitrogen flow, and subsequently, 500 °C for 2 h in air). A spectrum of ZnO is shown for 
comparison.  
 
 Raman spectroscopy was employed to obtain information about the 
confirmation of TEA+ occluded in the zincosilicate gels. Figure 4-4 shows the Raman 
spectra of zincosilicate gels with Si/Zn ratio of 10.9, 19.8, and 26.7 prepared by the 
co-precipitation using TEAOH. TEA+ cation in aqueous solution consisted of two stable 
conformers with all-trans (tt.tt, D2d) and trans-gauche (tg.tg, S4) arrangements in a ratio 
of 1:1.222,223,224 The two conformers exhibited two different Raman bands of different 
C4N tetrahedral symmetric stretching mode. As shown in Figure 4-4, the Raman 
spectrum of the prepared zincosilicate gels presented both peaks assigned to tt.tt and 
tg.tg conformers, respectively. From two bands centered at 662 and 673 cm−1, fractions 
of tg.tg and tt.tt conformers, respectively, can be estimated by deconvolution of the 
spectra. Ratios of the peak areas of two Raman bands attributed to tt.tt and tg.tg was 
calculated to be 1.7:1 for the zincosilicate gel with Si/Zn ratio of 26.7. The fraction of 
tg.tg. is higher than that in the aqueous solution phase. It has been reported that the 
conformational changes occur to fit TEA+ by minimizing unoccupied free space and 
simultaneously to maximize the interaction with substituted metal atoms.225 The TEA+ 
cations probably interact with the formed zincosilicate structure and occluded in the gels 
with the conformational changes.  
93 
 
 
d (CNC, tt.tt)
d (CNC, tg.tg)d (CNC, tg.tg)
4MR
Si/Zn = 10.9
Si/Zn = 18.4
Si/Zn = 26.7
d (CNC, tt.tt)
d (CNC, tg.tg)
Si/Zn = 10.9
Si/Zn = 18.4
Si/Zn = 26.7
tt.tt
tg.tg
 
Figure 4-4 Raman spectra of TEA-zincoaluminosilicate gels with Si/Zn ratio of 10.9, 19.8, and 
26.7. 
 
 After the calcination at 300 oC for 4 hours or 500 oC for 5 hours, the obtained 
zincosilicate gels showed high microporosity (Table 4-2). For comparison, the 
micropore volumes of Na-zincoaluminosilicate gel (Si/(Zn+Al) = 8.0, Zn/(Zn+Al) =0.6) 
prepared by the co-precipitation without TEAOH was also shown in Table 4-2. In 
contrast to the zincosilicate gels prepared with TEAOH, the Na-zincoaluminosilicate gel 
possessed almost no micro porosity. Figure 2-15 shows nitrogen adsorption–desorption 
isotherms of co-precipitated TEA-zincoaluminosilicate gel with Si/Zn of 15 and 
Na-zincoaluminosilicate gels with Zn/(Zn+Al) of 0.6. The zincosilicate gels prepared 
using TEAOH showed type I isotherms indicative for microporous solids.2 On the other 
hand, the Na-zincoaluminosilicate gels showed likely type II isotherms generally given 
by physisorption of gases on nonporous or macroporous solids.2 The micropores are 
likely formed by the removal of TEA+ in the zincosilicate gels. 
From these results, it is suggested that the TEA+ cation is occluded in the 
silicate structure of the gel forming the microporous structure.  
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Table 4-2 Micropore volumes and BET surface areas zincosilicate gels prepared by 
co-precipitation with TEAOH 
Initial Si/Zn Initial Zn/(Zn+Al) Calcination SBET
b /m2g-1 Vmicro
a /cm3g-1 
10  300 oC, 4h 420 0.136 
15  300 oC, 4h 430 0.143 
15  550 oC, 5h 350 0.105 
13.3c 0.6 300 oC, 4h 80 0.002 
13.3c 0.6 550 oC, 5h 60 0.002 
aMicropore volumes determined by a t-plot method. bBET surface area. cThe 
Na-zincoaluminosilicate gel prepared by co-precipitation without TEAOH as described in 
chapter 2 and 3. 
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Figure 4-5  Nitrogen adsorption–desorption isotherms of co-precipitated 
TEA-zincoaluminosilicate gel with Si/Zn of 15 and Na-zincoaluminosilicate gels with 
Zn/(Zn+Al) of 0.6. 
 
 Structural evolution of zincosilicate gels in an intermediate range order was 
investigated by HEXTS measurements.216 For comparison, the co-precipitation using 
NaOH was conducted to prepare zincosilicate gels with similar Si/Zn ratio but without 
occluded TEA+. The chemical compositions of the zincosilicate gels used for the 
HEXTS analysis are summarized in Table 4-3. Figure 4-6 shows the total structural 
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factors, S(Q), of the zincosilicate gels. The S(Q) of the zincosilicate gels exhibited the 
oscillation typically observed in amorphous aluminosilicates without sharp peaks. 
Figure 4-7 shows the pair distribution functions, G(r), of the zincosilicate gels. The 
peaks at 1.60, 1.98, 2.63, and 3.11 Å correspond to the distances of the first nearest 
Si−O, Zn−O, O−O, and Si−Si(Zn) and O−Zn−O, respectively.151 These peaks are 
commonly seen regardless of sizes and structures of silicate rings.216,176,151 G(r) above 
3.5 Å gives useful information on medium-range structures of silicates. Figure 4-7(a) 
compares zincosilicate gels with Si/Zn of around 20. There is no significant difference 
between the zincosilicate gel prepared by co-precipitation using NaOH and that 
prepared by co-precipitation using TEAOH. The small peak at 2.25 Å seen in the 
zincosilicate gel prepared by co-precipitation using NaOH likely corresponds to the 
distances of Na−O. Note that the peak observed at 3.73 Å, which is assigned to the 
second nearest T−O distances (T: tetrahedral atoms, in these cases, Si and Zn) of 4Rs 
and 5Rs, is more distinct compared to that observed in amorphous silica.151 Figure 
4-7(b) compares zincosilicate gels with Si/Zn of around 10. Correlation of the second 
nearest neighbor of T-O in 3MR is around 3.3 Å which appears as a tail of the peak of 
3.1 Å.151 This tail peak is slightly pronounced for the zincosilicate gel prepared by 
co-precipitation using NaOH compared with that prepared by co-precipitation using 
TEAOH. This result suggested that the high content of zinc in the sodium silicate has an 
effect on formation of 3MR, while the addition of TEA+ as a counter cation suppress the 
3MR formation likely because of the low charge density. 
 
Table 4-3 Chemical compositions of the zincosilicate gels used for HRXTS analysis 
Gels 
Gel Compositions (mol) 
Nac TEAd ZnOc SiO2
c 
Na-zincosilicate-20a 1.08 n. a. 1.0 19.2 
Na-zincosilicate-8a 0.98 n. a. 1.0 7.5 
TEA-zincosilicate-20b 0.00 0.9 1.0 18.4 
TEA-zincosilicate-10b 0.00 0.8 1.0 10.9 
aprepared by co-precipitation using NaOH  bPrepared by co-precipitation using TEAOH 
cCalculated by ICP-AES analysis  dCalculated by CHN analysis 
96 
 
 
12
10
8
6
4
2
0
26242220181614121086420
 'sq-Na8'
 'sq-Na20'
 'sq-TEA10'
 'sq-TEA20'S
(Q
)
Q(A-1)
12
10
8
6
4
2
0
26242220181614121086420
 'sq-Na8'
 'sq-Na20'
 'sq-TEA10'
 'sq-TEA20'
Na-zincosilicate-8
Na-zincosilicate-20
TEA-zincosilicate-10
TEA-zincosilicate-20
 
Figure 4-6 Total structural factors S(Q) of the zincosilicate gels prepared by co-precipitation. 
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Figure 4-7 Pair distribution functions, G(r), of the zincosilicate gels prepared by co-precipitation 
with Si/Zn ratio of around (a) 20 and (b) 10. 
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4.3.2 Synthesis of *BEA Zeolites from the Zincosilicate Gel  
In the previous studies, the synthesis of zincosilicate *BEA zeolite was conducted with 
the Si/Zn ratio of around 33. The range of the composition in which the zincosilicate 
*BEA phase can be obtained is very limited because the other phases such as VPI-8 is 
very easy to form in the same conditions.147 To increase the zinc content introduced to 
the *BEA zeolites, the zincosilicate gels prepared by the OSDA-involved 
co-precipitation were used in the synthesis. For the synthesis of zincosilicate *BEA 
zeolites with high content of zinc, the use of seed crystals is very important. Figure 4-8 
shows powder XRD patterns of the products obtained using the TEA-zincosilicate gels 
with Si/Zn = 18.4 with different amount of seed crystals. After the hydrothermal 
treatment was conducted at 150 oC for 4 days, the product prepared using 10 wt% of 
seed crystals on the basis of SiO2 was highly crystalline *BEA zeolite. The Si/Zn ratio 
of the product determined by ICP-AES analysis was 21.0. However, the product 
prepared using 5 or 1 wt% of seed crystals showed a broad peak at around 7 degree. 
These results suggested that, only with the enough amount of seed crystals, pure 
zincosilicate *BEA can be obtained without formation of impure phase. 
 
Seed: 10wt%
Seed: 5wt%
Seed: 1wt%
Aluminosilicate 
*BEA zeolite 
(Si/Al = 8)
 
Figure 4-8 Powder XRD patterns of the products obtained using the TEA-zincosilicate gels with 
Si/Zn = 18.4 with different amount of seed crystals. The hydrothermal treatment was conducted at 
150 oC for 4 days. 
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 For comparison, the synthesis of zincosilicate *BEA zeolites was conducted 
using conventional raw materials, that is, colloidal silica and zinc acetate, while keeping 
other conditions the same as described above. As shown in Figure 4-9, diffraction 
patterns of *BEA zeolite with decreased crystallinity and distinct peak from unknown 
impure phase were observed. This is probably because the high concentration of Zn 
species with less homogeneity in the reaction mixture caused formation of impure phase. 
These results suggest that zincosilicate *BEA zeolites with high contents of Zn 
incorporated into the zeolite framework cannot be obtained using conventional Si and 
Zn sources. It is also indicated that the zincosilicate gels prepared via co-precipitation 
are appropriate precursors for the synthesis of *BEA zeolites with high content of Zn in 
the framework. 
 
 
Figure 4-9 Powder XRD patterns of the product obtained using the TEA-zincosilicate gels with 
Si/Zn = 18.4 with different amount of seed crystals. The hydrothermal treatment was conducted at 
150 oC for 4 days. 
 
 To further increase the zinc content in *BEA zeolites, zincosilicate gels 
prepared by co-precipitation with increased content of zinc was used in the synthesis. 
As shown in Figure 4-10 (a), when the zincosilicate gel with Si/Zn of 16.5 was used, 
pure *BEA zeolite was not obtained by hydrothermal treatment at 150 oC because the 
impure phase was formed with *BEA zeolite. When the temperature was increased to 
170 oC, highly crystalline *BEA zeolite without the impure phase was obtained, 
probably because the crystal growth of *BEA zeolite became faster at the higher 
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temperature and the crystallization was completed before the formation of the impure 
phase. The obtained *BEA zeolite retained its crystallinity after calcination conducted in 
the way as described in Figure 4-1. The Si/Zn ratio of the sample after calcination was 
17.8 and exhibited high micropore volume (Table 4-4). When the zinc content of the 
zincoaluminosilicate gel is further increased to Si/Zn ratio of 10.9, even at 170 oC, the 
impure phase could not be totally eliminated. After hydrothermal treatment at 170 oC 
for 1 day, the Si/Zn ratio of the product was 15.6 (Table 4-4). 
 It has been reported that zincosilicate *BEA zeolite (CIT-6) is synthesized from 
clear solutions that contain TEA+, Li+ and Zn2+. The crystallization proceeds through the 
formation of a homogeneous amorphous solid that incorporates all the initial Zn 
species.147 Nucleation of the *BEA phase is effected by re-organization of the 
amorphous phase, whereas crystal growth involves the incorporation of soluble species 
also.147 In the method described here provides homogeneous zincosilicate gels 
incorporates zinc, silicon and TEA+, therefore, crystallization of the *BEA phase 
probably occurred by re-organizing the amorphous phase of zincoaluminosilicate gels. 
 
 
Figure 4-10 Powder XRD patterns of the products obtained using the TEA-zincosilicate gels with 
Si/Zn of (a) 16.5 and (b) 10.9 using 20 wt% of seed crystals on the basis of SiO2 after 
hydrothermal treatment at various temperature. 
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Table 4-4 Chemical Compositions and micropore volumes of zincosilicate *BEA zeolites 
obtained by using zincoaluminosilicate gels prepared by co-precipitation with TEAOH. 
Si/Zn in  
co-precipitation 
Zincosilicate gel Zincosilicate *BEA zeolite 
Si/Zn a Si/Zn a Vmicro b /cm3g-1 
10 13.6 15.6 c n. d. 
15 16.5 17.8 0.22 
20 18.4 21.0 0.22 
a Determined by ICP-AES analysis  
b Micropore volumes determined by a t-plot method after calcination 
c The product contains small amount of layered silicate as impurity 
 
 Figure 4-11 shows XRD patterns of the products obtained using zincosilicate 
gel with Si/Zn of 16.5 with different hydrothermal duration and different seed crystals. 
When the aluminosilicate *BEA zeolite was used as seed crystals, the formation of 
impure phase was not observed through the hydrothermal treatment up to 5 days. 
However, when the zincosilicate *BEA, which was obtained using the zincosilicate gel 
by 2 days of hydrothermal treatment (shown as (b) in Figure 4-11), the cyrstallinity of 
obtained zeolite decreased and impure phase was observed. The zincosilicate *BEA 
added as the seed was likely dissolved during the hydrothermal treatment because of the 
low stability of the zincosilicate framework compared to the aluminosilicate. 
 
 
Figure 4-11 Powder XRD patterns of the products obtained using the TEA-zincosilicate gels with 
Si/Zn of 16.5 using 20 wt% of seed crystals on the basis of SiO2 after hydrothermal treatment at 
various temperature. 
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4.3.3 Environments of Zn in the Zincosilicate *BEA Zeolites 
To analyze zinc coordination states in the obtained *BEA zeolite, DR UV–vis spectra of 
the zincosilicate *BEA zeolite prepared using the co-precipitated gel with Si/Zn of 16.5 
were obtained as depicted in Figure 4-12. The as-synthesized sample exhibited a distinct 
peak below 200 nm, which is assigned to the charge transfer transitions of Zn in the 
silicate structure with lattice O2−. Other absorption band is not observable; therefore, it 
is suggested that isolate zinc species in silicate structure is the major component in the 
obtained zincosilicate *BEA zeolite. To remove TEA+ cations in the zeolite, calcination 
of the zeolite was conducted at 500 °C for 2 h in nitrogen flow, and subsequently, 
500 °C for 2 h in air flow (Figure 4-1). As shown in Figure 4-10, no significant change 
was observed in the XRD pattern, however, the UV-vis spectra indicated that state of 
some zinc species was changed after the calcination. No absorption band assigned to 
ZnO, which is observed at around 360–380 nm due to the O2−→Zn2+ ligand-to-metal 
charge transfer transition173, was not observed, however, the sharp absorption band 
observed below 200 nm, which attributed to zinc in silicate structure, decreased, and 
adsorption band around 250 nm which attributed to Zn2+ species out of silicate structure, 
increased. These results suggests that some of the zinc species in the silicate structures 
were removed from the silicate structure by thermal treatment.  
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Figure 4-12  DR UV-Vis spectra of obtained zincosilicate *BEA zeolite using zincosilicate gel 
(Si/Zn = 16.5), (a) before and (b) after the calcination. 
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4.4 Conclusion 
The co-precipitation method to prepare homogeneous zincosilicate gels was further 
extended to obtain the zincosilicate gel with occluded OSDA in the silicate structure by 
conducting the co-precipitation in the presence of the OSDA. 
 In contrast to the co-precipitation using NaOH which yielded zincosilicate gels 
containing sodium cation as counter cation, tetraethylammonium (TEA) cation was 
occluded in zincosilicate gels prepared by the co-precipitation in the presence of 
TEAOH. Characterization of the zincosilicate gels suggested that Zn species were 
homogeneously distributed in the silicate matrix. TEA+ cations were occluded in the 
zincosilicate structure and the existence of TEA+ probably inhibit 3MR formation which 
have been reported to occur in the conditions with high-zinc content without OSDAs. 
 By using the zincosilicate gels formed with TEA+, synthesis of *BEA zeolites, 
which have been synthesized by using TEA+ as an OSDA, was conducted. Zincosilicate 
*BEA zeolites with higher zinc content compared to the previous reports were obtained 
with the assistance of seed crystals. When conventional zinc and silica sources were 
used, highly crystalline *BEA zeolite was not obtained in the same conditions. The zinc 
species in the obtained zincosilicate *BEA zeolite (Si/Zn = 17.8) were shown to be 
located in the zeolite silicate framework, although after calcination, some of the zinc 
species were removed from the silicate structure.
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Chapter 5. Synthesis of New Zincosilicate Zeolites with 
CHA Topology by Focusing on Mixing Procedures of 
Raw Materials in Liquid Phase 
 
5.1 Introduction 
Small pore zeolites defined as the zeolites having the pore openings limited by 8 
tetrahedral atoms (8 membered-ring, 8MR) have received particular attention recently 
because they have exhibited excellent performances in several important applications, 
for example, as catalysts for methanol-to-olefin (MTO) and ethene-to-propene (ETP) 
reactions, and as adsorbents and membranes for gas separations.226,227,228 Among several 
small pore zeolites, CHA-type zeolites with three-dimensional network built by stacking 
layers of double 6MR has been intensively studied. The CHA-type zeolites possess 
large cha cage cavities with transportation limited by 8MR windows formed by 
interconnection of the 6MR. Because of the characteristic structure, they have 
remarkable applications. For example, SSZ-13, a high-silica aluminosilicate zeolite with 
CHA topology have been used for, for example, selective catalytic reduction (SCR) of 
NOx, methane conversion, MTO and gas separation.
226,229,230,231 Silicoalumino 
phosphate SAPO-34 with CHA topology also has remarkable activity in MTO to 
produce ethylene and propylene.232 Both SSZ-13 and SAPO-34 have been 
commercialized or close to be commercialized for those applications.233  
 CHA zeolites exchanged with divalent metal cations are of particular interest 
because of the great promise in several new applications relevant to energy and 
environment. For example, Cu(II) and Fe(II) exchanged zeolites have proven to have 
high activity especially in selective catalytic reduction (SCR) of NOx and methane 
conversions.231,229,153,234 For the application, the local environments of the counter metal 
cation species remarkably affect the catalytic activity.153,234,154,235,236 For example, 
mono-copper sites in small pore zeolites were reported to be active sites for SCR of 
NOx.
153,235 It has been reported that only bare divalent metal cations are key in the 
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several catalytic cycles, such as Cu2+  for outstanding NOx conversion and Fe
2+ for N2O 
decomposition.237,238 Note that in larger pore zeolites metal dimers and trimers can also 
catalyze such reactions through different catalytic mechanisms.234,236,239 
 For aluminosilicate zeolites, to stabilize the active monomeric sites of divalent 
metals, two Al with close proximity (e.g. Al pair, which are defined here as two Al 
atoms separated by one or two Si atoms in 6MR, Al–O–(Si–O)n–Al (n = 1 or 2)) are 
needed since isomorphous substitution of Al(III) for Si(IV) in the zeolite framework 
creates only one negative charge per the atom.165 On the other hand, isolated framework 
Al configuration (n > 2) suitable for stabilization of oxo-species of divalent cations or 
monovalent cations, which are sometimes undesired for several applications.238,240 In 
addition, isolated Al sites can remain unchanged as Brønsted acid sites when 
counterbalanced by protons and cause side reactions or catalyst deactivation.152 It has 
been reported that in the case of high-silica zeolites, such as SSZ-13, the isolated 
framework Al exists dominantly.165,239 The fraction of Al in pairs can be increased by 
using equimolar amount of Na+ together with N,N,N-trimethyl-1-adamantylammonium 
cation (TMAda+), which is an organic structure directing agent occluded within cha 
cavities, but the paired Al densities cannot be increased more than that in random Al 
distribution (e.g. fraction of Al in pairs is reported to be ca. 17% for SSZ-13 with Si/Al 
= 15).165  
 In contrast to aluminosilicate zeolites, isomorphous substitution of Si(IV) by 
Zn(II) can generate two negative charges per one Zn atom. Therefore, the Zn atom in 
framework can stabilize a divalent cation in one by one ratio and zincosilicate zeolites 
have been considered as an efficient platform for stabilization of extra-framework 
divalent cations.152 However, Zn in synthesis gels is known to favor formation of only a 
few frameworks (e.g. VET and some frameworks rich in 3MR such as RSN) or inhibit 
zeolite formation by precipitation as oxide or hydroxide form.140,151,147,149 Therefore, a 
number of available zincosilicate zeolites is quite limited to few structures. Recently, 
zincoaluminosilicate CHA zeolites with both Al and Zn in their frameworks are reported 
to be achieved by using FAU zeolite as an Al source.166 In this case, a large amount of 
Al is needed for direct crystallization of CHA zeolites. Still, synthesis of pure 
zincosilicate zeolites with CHA topology is a challenge and it is desired because Al 
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species in the frameworks can cause undesired side reactions as is described above.152 
 In Chapter 2–4, it was found that the use of homogeneous gels of zinc and 
silicate species is crucial for introduction of zinc to zeolite structures. In this chapter, to 
prevent formation of extraframework Zn species, particular attention was paid to the 
mixing procedures of the raw materials in liquid phase prior to hydrothermal synthesis 
of zeolites. For the successful synthesis of zincosilicate CHA, initial state of Zn species 
in a basic solution is probed to be very crucial. 
 
 
5.2 Experimental 
5.2.1 Materials 
The following chemicals were used as received for synthesis of the organic structure 
directing-agent: Potassium carbonate (Wako Pure Chemical Industries), 
1-adamantylamine (Wako Pure Chemical Industries, Ltd.), 0.01 M hydrocholoric acid 
(Wako Pure Chemical Industries, Ltd.) and iodomethane (Wako Pure Chemical 
Industries, Ltd.). The following chemicals were used as received for synthesis of 
zeolites: anhydrous zinc acetate (Wako Pure Chemical Industries, Ltd.), Lithium 
hydroxide monohydrate (Wako Pure Chemical Industries, Ltd.), zinc sulfate (Wako Pure 
Chemical Industries, Ltd.), aluminium hydroxide (Wako Pure Chemical Industries, Ltd.), 
sodium hydroxide (Wako Pure Chemical Industries, Ltd.), sodium silicate (Wako Pure 
Chemical Industries, Ltd.), tetraethoxysilane (Wako Pure Chemical Industries, Ltd.), 
hydrofluoric acid (Wako Pure Chemical Industries, Ltd.) and fumed silica (Cab-O-Sil 
M-5, Cabot Co.).  
 
5.2.2 Synthesis of Zincosilicate CHA Zeolites  
Synthesis of N,N,N-trimethyl-1-adamantamonium hydroxide (TMAdaOH)  
Potassium carbonate (2.5 equiv) and 1-adamantylamine (1 equiv) were added into an 
oven-dried three-necked flask equipped with a condenser and a magnetic stirrer. This 
flask was evacuated and refilled with nitrogen gas for three times. After the addition of 
dehydrated chloroform, iodomethane (3.5 equiv) was slowly added to the mixture while 
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stirring. Then, this reaction mixture was kept in dark and stirred for 7 days at room 
temperature. After 7 days, this mixture was filtered to remove the solid. The filtrate was 
evaporated to remove chloroform by a rotary evaporator. The recovered solid was 
recrystallized in hot ethanol. The recrystallized solid was washed with acetone and dried 
under atmospheric condition, yielding N,N,N-trimethyl-1-adamantamonium iodide 
(TMAdaI). The solid product was characterized by 1H and 13C NMR spectroscopy. 
TMAdaI was ion-exchanged to the hydroxide form (TMAdaOH) using hydroxide ion 
exchange resin (OH− exchange resin, Dowex). After ion-exchange, the concentration of 
OH− was determined by titration with 0.01 M hydrocholoric acid.  
 
Synthesis of Zincosilicat CHA zeolite  
In all procedures, the chemical compositions of the final mixture was SiO2: x ZnO: 0.42 
TMAdaOH: 0.08 LiOH: 30 H2O, x = 0.02–0.06.  
Procedure (i)  
Lithium hydroxide monohydrate was dissolved in distilled water. Fumed silica 
(Cab-O-Sil M-5) was added in the LiOH solution and stirred for 2 h at room 
temperature to obtain a semitransparent suspension. In another vessel, anhydrous zinc 
acetate was added to a TMAdaOH aqueous solution (ca. 27 wt%) and stirred for 5 min 
to complete dissolve zinc acetate, resulting in a clear Zn solution. The Zn solution was 
then added to the silica suspension and further stirred for 5 min. The obtained mixture 
was then subjected to hydrothermal treatment at 150 °C under a static condition for 7 
days. The solid product was recovered by filtration and washed with deionized water 
until the filtrate reached pH 7–8. The product was dried at 80 °C overnight. The 
calcination was conducted, if need, at 600 °C.  
Procedure (ii)  
A TMAdaOH aqueous solution was mixed with distilled water. Then, lithium hydroxide 
monohydrate was dissolved in the solution. Subsequently, anhydrous zinc acetate was 
added to the clear solution containing TMAdaOH and LiOH, and stirred for several 
minutes until complete dissolution. Then, fumed silica was added in the solution and 
stirred for 2 h at room temperature. The obtained mixture was then subjected to 
hydrothermal treatment at 150 °C under a static condition for 7 days. The solid product 
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was recovered by filtration and washed with deionized water until the filtrate reached 
pH 7–8. The product was dried at 80 °C overnight.  
Procedure (iii)  
A TMAdaOH aqueous solution was mixed with distilled water. Then, fumed silica was 
added in the solution and stirred for 2 h at room temperature to obtain a semitransparent 
suspension. In another vessel, lithium hydroxide monohydrate was dissolved in distilled 
water. Anhydrous zinc acetate was then added to the LiOH solution. The resulting 
mixture was stirred for 5 min. The Zn solution was then added to the silica suspension 
and further stirred for 5 min. The obtained mixture was then subjected to hydrothermal 
treatment at 150 °C under a static condition for 7 days. The solid product was recovered 
by filtration and washed with deionized water until the filtrate reached pH 7–8. The 
product was dried at 80 °C overnight.  
Procedure (iv)  
A TMAdaOH aqueous solution was mixed with distilled water and lithium hydroxide 
monohydrate. Then, fumed silica was added to the clear solution containing TMAdaOH 
and LiOH and stirred for 2 h at room temperature to obtain a semitransparent 
suspension. In another vessel, anhydrous zinc acetate was dissolved in distilled water 
and stirred for 5 min to obtain a clear solution. The Zn solution was then added to the 
silica suspension and further stirred for 5 min. The obtained mixture was then subjected 
to hydrothermal treatment at 150 °C under a static condition for 7 days. The solid 
product was recovered by filtration and washed with deionized water until the filtrate 
reached pH 7–8. The product was dried at 80 °C overnight.  
 
Synthesis of SSZ-13 (aluminosilicate CHA zeolite)  
SSZ-13 (aluminosilicate CHA zeolite) was synthesized for comparison in ion-exchange 
experiments. First, aluminium hydroxide was dispersed in a TMAdaOH aqueous 
solution and then heated at 80 oC to completely dissolve. After cooling to room 
temperature, distilled water and fumed silica were added to the dissolved aluminate 
solution. The chemical composition of the final mixture was SiO2: 0.025 Al2O3: 0.4 
TMAdaOH: 16 H2O. The obtained mixture was then subjected to hydrothermal 
treatment at 150 °C under a static condition for 7 days.  
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Synthesis of zincoaluminosilicate CHA zeolite  
Zincoaluminosilicate CHA zeolite with both Zn and Al in the framework (Zn,Al-CHA) 
was synthesized according to the previous report166 for comparison in ion-exchange 
experiments. First, sodium hydroxide was dissolved in a TMAdaOH aqueous solution. 
Then, sodium silicate was added. Zinc acetate and FAU zeolite (as Al source; Tosoh, 
HSZ320NAA) was added to the mixture and stirred vigorously. The chemical 
composition of the final mixture was SiO2: 0.033 ZnO: 0.034 Al2O3: 0.17 TMAdaOH: 
0.5 NaOH: 20 H2O. The resulting homogeneous mixture was then transferred to an 
autoclave and hydrothermal synthesis was conducted at 150 oC for 7 days in a static 
condition.  
 
Synthesis of pure silica CHA zeolite  
Pure silica CHA zeolite was used as seed crystals. Tetraethoxysilane was added 
dropwise to a TMadaOH solution aqueous while stirring. After stirring for 5 h at room 
temperature, the resulting mixture was heated on a hot plate (ca. 80 °C) while stirring to 
evaporate an excess amount of water. Then, hydrofluoric acid (Wako Pure Chemical 
Industries, Ltd.) was added and the mixture was mixed by a spatula for about 15 min. 
The chemical composition of the final mixture was SiO2: 0.5 TMAdaOH: 0.5 HF: 8 
H2O. The obtained mixture was then subjected to hydrothermal treatment at 150 °C 
under a tumbling condition (60 rpm) for 8 days. The solid product was recovered by 
filtration, washed thoroughly with deionized water and dried at 80 °C overnight. 
 
Preparation of proton-form zeolites  
Proton-form zeolite samples were prepared for ion-exchange experiments. SSZ-13 was 
synthesized without using alkali metal cations; therefore, its proton-form was obtained 
after calcination to remove TMAda+. For the zincosilicate and zincoaluminosilicate 
zeolites, their proton-form samples were prepared by ion-exchange with ammonium 
nitrate, following by calcination. The ion-exchange was performed using a 0.1 M 
ammonium nitrate (Wako Pure Chemical Industries, Ltd) aqueous solution. pH of the 
solution was adjusted to 7.0 by adding a few drops of ammonia aqueous solution (3 
wt%). The calcined zeolite samples (0.3 g) were dispersed in the ammonium nitrate 
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solution (100 mL) and then stirred at 500 rpm and room temperature. After stirring for 1 
day, the solid samples were recovered, thoroughly washed with deionized water and 
dried at 80 °C, resulting in NH4+form zeolites. The samples was calcined at 400 °C for 2 
h under a nitrogen flow to obtain proton-type CHA zeolites. 
 
Ion exchange experiments with K+ 
Ion-exchange with potassium, as a model monovalent cation, was performed using a 0.1 
M potassium chloride aqueous solution prepared from potassium chloride (Wako Pure 
Chemical Industries, Ltd.). The solid samples (0.05 g) were dispersed in the potassium 
chloride solution (150 mL) and then stirred at 500 rpm and room temperature. After a 
few days, the solid samples were separated from the solution by centrifugation, 
thoroughly washed with deionized water and dried at 80 °C. The content of potassium 
was determined by atomic absorption spectroscopy (Hitachi Z-2000). 
 
Ion exchange experiments with Ni2+ 
Ion-exchange with nickel(II), as a model divalent cation, was performed using a 0.005 
M nickel nitrate aqueous solution prepared from nickel(II) nitrate hexahydrate (Wako 
Pure Chemical Industries, Ltd.). The solid samples (0.05 g) were dispersed in the nickel 
nitrate solution (500 mL) and then stirred at 500 rpm and room temperature. After a few 
days, the solid samples were separated from the solution by centrifugation, thoroughly 
washed with deionized water and dried at 80 °C. The content of Ni was determined by 
inductively coupled plasma-atomic emission spectrometry (Thermo iCAP 6300).  
 
5.2.3 Characterization  
Powder X-ray diffraction (XRD) analysis was conducted to determine the crystal 
structure of the products using a diffractometer (Rigaku Ultima IV) operated with Cu 
Kα monochromatized radiation at 40 kV and 40 mA. Elemental analysis of the products 
was performed by inductively coupled plasma-atomic emission spectrometry (ICP-AES, 
Thermo iCAP 6300) after dissolving the products in hydrofluoric acid or potassium 
hydroxide solutions. The ICP-AES analyses were repeated 3 times for each sample. In 
addition, a Hitachi Z-2000 atomic absorption spectrometer equipped with a heated 
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graphite tube atomizer was used for the determination of potassium contents of samples 
after ion-exchange. To observe crystal size and morphology, field-emission scanning 
electron microscopy (FE-SEM) images were obtained from JFM-7500FA (JEOL) at an 
accelerating voltage of 15 kV. Nitrogen adsorption–desorption measurements were 
performed on a Quantachrome Autosorb-iQ2-MP at liquid nitrogen temperature. Prior to 
the measurements, the samples were degassed at 400 °C for 6 h under vacuum. Diffuse 
reflectance (DR) UV–vis spectra were recorded on a JASCO V-670 spectrometer in the 
190–800 nm wavelength range using barium sulfate as a reference. Solid-state 
magic-angle-spinning (MAS) nuclear magnetic resonance (NMR) experiments were 
conducted on a JNM-ECA 500 (JEOL). 29Si MAS NMR spectra were recorded at 99.3 
MHz with a pulse length (π/2) of 5.0 μs, a recycle delay of 60 s, and a spinning 
frequency of 10 kHz. FT-IR spectra using acetonitrile-d3 (CD3CN) as a probe molecule 
were corrected using a JASCO FT-IR 4100 spectrometer equipped with a mercury 
cadmium telluride (MCT) detector. Spectra in a range of 4000–700 cm−1 were acquired 
with a resolution of 4 cm−1. The samples (15–18 mg) were pressed at around 30 MPa for 
5 min to form self-standing pellets with a diameter of 2 cm. The pellets were placed in a 
vacuum cell. While evacuating, the samples were heated to 500 °C at a heating rate of 
10 °C min−1 and held at this temperature for 1 h. Then, the samples were cooled to 
80 °C and CD3CN (Sigma-Aldrich Co. LLC, 99.8% D atoms) was dosed to the samples 
until the spectra became unchanged. After collecting the first spectra, the cell was 
evacuated at 80 °C and FT-IR spectra were recorded after 1 h. Then, the cell was heated 
to 150 °C and subsequently to 250 °C under vacuum. After holding at each targeted 
temperature for 30 min, the cell was cooled to 80 °C and FT-IR spectra were then 
recorded. The resulting spectra were subtracted with the spectra obtained at 80 °C but 
without dosing probe molecules. Thermogravimetric and differential thermal analyses 
(TG-DTA) were performed on a PU 4K (Rigaku) at a heating rate of 10 °C min−1 under 
a flow (200 mL min−1) of 10% O2/90% He mixed gas. 
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5.3 Results and Discussion 
5.3.1 Synthesis of Zincosilicate CHA zeolites 
TMAdaOH is a common organic structure-directing agent and successfully prepared 
without impurities as was confirmed by 1H and 13C NMR spectroscopy (Figure 5-1). 
 
Figure 5-1 Solution-state 1 H and 13C NMR spectra of synthesized TMAdaI. 
 
 For the successful synthesis of zincosilicate zeolite with CHA topology, 4 
different procedures were investigated to prepare synthetic mixtures prior to 
hydrothermal treatment as shown in Figure 5-2. Even though the difference is only the 
order of mixing of chemicals, the products obtained after hydrothermal treatment was 
quite different. 
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Figure 5-2 Scheme of mixing procedures of synthetic mixtures prior to hydrothermal treatment. 
 Only the procedure (i), in which zinc acetate and TMAdaOH aqueous solution 
were mixed separately from LiOH and fumed silica, highly crystalline CHA zeolite was 
obtained after hydrothermal treatment at 150 °C under a static condition for a week 
(Figure 5-3 (i)). On the other hand, when the synthetic mixtures were prepared in 
different ways (procedures (ii)–(iv) in Figure 5-2), the products were either amorphous 
solid or the mixture of layered silicate and CHA zeolite (Figure 5-3 (ii)-(iv)). 
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Figure 5-3 Powder XRD patterns of the products synthesized from the mixture solutions prepared 
by procedure (i)-(iv) after hydrothermal treatment at 150 °C for 7 days in a static condition. 
 
 Figure 5-4 shows SEM images of the product obtained from the different 
procedures (i)–(iv). The zeolite product obtained from the procedure (i) was uniform, 
cubic particles with a size of ca. 6 μm. On the other hand, the layered material-like 
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particles were observed in the product prepared by the procedure (ii) with only a small 
portion of cubic particles. For the procedure (iii), irregularly shaped particles, likely 
amorphous solid, were observed without any cubic particles. The product obtained from 
the procedure (iv) was the mixture of layered materials and cubic zeolite particles. 
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Figure 5-4 Powder XRD patterns of the products synthesized from the mixture solutions prepared 
by procedure (i)-(iv) after hydrothermal treatment at 150 °C for 7 days in a static condition. 
 
As was shown in Chapter 2–4, for the synthesis of zeolites with Zn in the 
frameworks, the formation of the homogeneous mixture of Zn and Si species is crucial 
to form the zincosilicate structures while preventing the precipitation of zinc 
oxides/hydroxides during hydrothermal treatment. In the procedure (i), Zn species are 
totally dissolved as [Zn(OH)4]
2− or [Zn(OH)3]
− in the clear solution because of the high 
alkalinity of TMAdaOH solution (pH > 14).241 The negatively charged Zn species can 
interact with TMAda+, thereby preventing the precipitation of Zn even in such a highly 
alkaline solution. Separately, fumed silica particles are dispersed in the LiOH solution, 
yielding a semitransparent suspension (pH 12.5). When the Zn solution is mixed with 
the silica suspension, pH of the mixture drops to ca. 13, in which the solubility of Zn 
decreases.241 Similar to aluminosilicates,176 it is surmised that the dissolved Zn species 
react with dissolved silicate, forming zincosilicate, and/or precipitate on the surface of 
dispersed silica particles. As a result, Zn and Si species are well mixed before 
hydrothermal treatment. In the procedure (ii), fumed silica is not dispersed beforehand; 
therefore, when it is added to the Zn solution, the reactions between dissolved Zn 
species and silica occur only at the outer surface of agglomerated silica particles. The 
large amount of the unreacted silica would hence lead to the formation of layered 
silicate after hydrothermal treatment. 
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 To further explain the difference between the procedures (i) and (ii), the 
intermediate products during hydrothermal treatment were recovered and characterized 
by UV–vis spectroscopy. Figure 5-5 shows diffuse reflectance (DR) UV–vis spectra of 
the products obtained via the procedures (i) and (ii) after hydrothermal treatment for 2 
and 7 days. Only the product prepared via the procedure (ii) collected after 2 days 
exhibited an absorption band assigned to ZnO, which is observed at around 360 nm due 
to the O2−→Zn2+ ligand-to-metal charge transfer transition. The ZnO observed in the 
initial stage is probably due to the formation of Zn-rich species precipitated apart from 
the silicate species in the procedure (ii). 
 
 
Figure 5-5 DR UV-Vis spectra of products collected after hydrothermal treatment at 150 oC for 
(a) 2 and (b) 7 days following procedures (i) and (ii). 
 
 In the procedure (iii), ZnO is formed immediately after addition of zinc acetate 
into the LiOH solution, as is confirmed by XRD measurement, because the solubility of 
Zn is somewhat low in the relatively weak basic solution of LiOH (pH 13).241,242 As a 
result, the reactions between Zn and Si species are limited. The procedure (iv) provides 
a weakly acidic, clear aqueous solution of Zn, in which zinc is present in the cationic 
Zn2+ form. When the acidic Zn solution is added to the highly basic silica suspension 
(pH > 14), Zn is precipitated readily because of the rapid change in pH, yielding the 
inhomogeneous mixture of Zn and Si species. As a result, layered silicate and CHA 
zeolite are formed after hydrothermal treatment. 
 As shown in Figure 5-6, by applying the successful procedure (i), effect of the 
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types of alkali metal cation was investigated. When LiOH was replaced by NaOH or 
KOH, CHA zeolite was not obtained, even with the addition of seed crystals (pure silica 
CHA zeolite, 5 wt% based on SiO2). In the absence of alkali metal cation (i.e., only 
TMAda+), CHA zeolite was formed together with layered silicate when the seed crystals 
were added, while no crystalline product was observed without seed addition. These 
results suggest the important role of Li+ on the formation of zincosilicate CHA zeolites, 
similar to the previous reports of *BEA and VET zeolites.147,139  
 
 
Figure 5-6 Powder XRD patterns of products synthesized (a) without and (b) with pure silica 
CHA seed crystals (5 wt% on a basis of SiO2) with the composition of SiO2: 0.03 ZnO: 0.42 
TMAdaOH: 0.08 MOH: 30 H2O, where M is varied as Li, K, Na and TMAda.  
 
Several synthetic parameters were varied to obtain CHA zeolites with various Zn 
contents. As shown in Figure 5-7, when the amount of Zn in the synthetic mixture was 
decreased to Si/Zn = 40, distinct XRD peak from layered silicate was observed, while 
peaks from CHA zeolite were hardly seen. However, when pure silica CHA zeolite was 
added as seed crystals, the formation of CHA zeolite was confirmed at Si/Zn = 40. 
When the amount of Zn was further decreased to Si/Zn = 50, highly crystalline CHA 
zeolite was not formed.  
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Figure 5-7 Powder XRD patterns of products synthesized (a) without and (b) with pure silica 
CHA seed crystals (5 wt% on a basis of SiO2) at different Si/Zn ratios in the synthetic mixtures. 
Other composition is SiO2: 0.42 TMAdaOH: 0.08 LiOH: 30 H2O.  
 
Given the expected use of zincosilicate zeolites for stabilization of multivalent 
cations, the Zn content in the synthetic mixture was increased to Si/Zn = 25. The 
formation of CHA zeolite was observed together with the unknown phase both with and 
without seed crystals (Figure 5-7). However, as shown in Figure 5-8, the formation of 
such impurity can be suppressed by carrying out the hydrothermal treatment under a 
tumbling condition at 20 rpm. 
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Figure 5-8 Powder XRD patterns of products synthesized under a tumbling condition (20 rpm) 
with or without pure silica CHA seed crystals (5 wt% on a basis of SiO2) at different Si/Zn 
compositions.  
 
Chemical compositions of the selected zincosilicate CHA zeolite products are 
summarized in Table 1. The molar Si/Zn ratios of the zeolite products were lower than 
those of the initial synthetic mixture, especially in the case of Zn-CHA1, which is likely 
because the solid product had low yield due to the absence of seed crystals. Nitrogen 
adsorption–desorption analysis confirms that all of the obtained zeolites had high 
micropore volumes. Thermogravimetric analysis shows that 2.8 TMAda+ cations were 
occluded in a unit cell of CHA zeolite, equivalent to 0.93 TMAda+ per cha cage (Figure 
5-9). Note that the sharp weight loss due to TMAda+ cation was not observed in the 
product synthesized by the procedure (ii). 
 
Table 1 Chemical compositions and micropore volumes of the obtained zincosilicate CHA 
products. 
Sample Seeda/wt% Condition 
Si/Zn 
(Initial) 
Si/Zn 
(Product)b 
Vmicro
c /cm3 g-1 
Zn-CHA1 0 Static 33 12.8 0.24 
Zn-CHA2 5 20 rpm 25 18.2 0.25 
Zn-CHA3 5 20 rpm 20 14.5 0.25 
aPure silica CHA zeolite. bDetermined by ICP-AES. cCalculated by a t-plot method 
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Figure 5-9 (a) TGA and (b) DTA curves of products synthesized from different conditions (see 
Table 1 for details of products). 
 
 Figure 5-10 shows solid-state 29Si MAS NMR spectra of Zn-CHA1, Zn-CHA2 
and Zn-CHA3. The spectra were deconvoluted to three signals attributed to Q4(0T) 
silicon species (Si(OSi)4) at δ around −110 ppm, Q4(1Zn) silicon species 
(Si(OZn)(OSi)3) at δ of ca. −100 ppm. Si/Zn ratio was calculated for each samples from 
the peak areas of the three peaks using following formula. 
 
 The Si/Zn ratios calculated from the 29Si MAS NMR spectra are close to the 
ratios obtained by ICP-AES analysis. The concurrence of the chemical compositions 
calculated from 29Si MAS NMR and ICP-AES results suggests the successful 
incorporation of Zn atoms into the zeolite frameworks. The slightly smaller Si/Zn ratios 
calculated from NMR spectra compared to those of ICP-AES results are likely 
indicating the presence of some silanol defects in the zeolites. 
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Figure 5-10  Solid-state 29Si MAS NMR spectra and their peak deconvolution of Zn-CHA1, 
Zn-CHA2 and Zn-CHA3. 
 
The incorporation of Zn into the zeolite framework was confirmed by the peak 
shifting toward lower angles in XRD patterns, compared to pure silica CHA (Figure 
5-11). By assuming all products possess the same space group of , the cell 
parameters are calculated to be a = b = 13.49 Å and c = 14.82 Å for pure silica CHA 
(Rwp = 0.109, Rp = 0.0854), and a = b = 13.55 Å and c = 14.97 Å for Zn-CHA1 (Rwp 
= 0.116, Rp = 0.0857). As the Zn–O bond length (ca. 2 Å) is longer than the Si–O (ca. 
1.6 Å), the lattice expansion clearly suggests the successful formation of CHA zeolite 
with Zn in the framework. The refinement was performed using the PDXL software 
(Rigaku). 
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Figure 5-11 Comparison of powder XRD patterns of CHA products with various Zn contents.  
 
As is reported recently, zincosilicate zeolites show strong Lewis acidity.91 FT-IR 
analysis of the zeolite product after adsorption of deuterated acetonitrile (CD3CN) at 
80 °C and then desorbed at 80–250 °C was performed to characterize the acid sites of 
the zincosilicate CHA zeolite in comparison with zincoaluminosilicate CHA166 (Zn,Al- 
CHA; Si/Al = 10.5, Si/Zn = 15.3). The stretching frequency of C≡N is sensitive to the 
interaction strength with Lewis acid sites, making qualitative comparisons among 
different Lewis acid sites possible. As shown in Figure 5-12 (a), the absorption band due 
to physisorbed CD3CN was observed at 2267 cm
−1, while the band at 2284 cm−1 is 
probably associated with Li-bearing Zn sites.91 The bands present at 2308 and 2319 
cm−1 are associated with CD3CN coordinated to Lewis acid sites.
91 The existence of 
these two absorption bands suggests that there are two different Lewis acid sites in the 
zincosilicate CHA product, as is well documented that the metal-substituted zeolites 
have different metal sites, so-called “closed” and “open” sites.91,88,181 The closed Zn site 
(observed at 2308 cm−1) creating two negative charges is suitable for stabilization of 
bare divalent metal cations, 152,91 while the open Zn site (observed at 2319 cm−1), a 
monocation ion-exchangeable site, has been considered as an active Lewis acid (Figure 
5-12 (c)). The Zn,Al-CHA sample also showed similar spectra; however, the band 
assigned to the Li-bearing sites at 2284 cm−1 observed in Zn-CHA2 was shifted to 2277 
cm−1, which is likely associated with Na+ present in the Zn,Al-CHA sample (Figure 
5-12 (b)).91 While in the case of relating stannosilicates (well known as a Lewis acid 
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catalyst), most of adsorbed CD3CN is desorbed upon evacuation at room temperature,
88 
in both Zn-containing CHA samples CD3CN remains on samples even after evacuation 
at 250 °C, suggesting the stronger Lewis acidity of zincosilicate materials. 
 
 
Figure 5-12 FT-IR spectra of deuterated acetonitrile adsorbed on (a) Zn-CHA2 and (b) 
Zn,Al-CHA followed by evacuation at 80, 150, and 250 °C, respectively. (c) Local structures of 
two different Zn sites (M+ is a monovalent cation). 
 
The ion-exchange ability of the obtained zincosilicate CHA zeolites was 
investigated for both monovalent and divalent cations. Aluminosilicate (SSZ-13) and 
zincoaluminosilicate166 (Zn,Al-CHA) CHA zeolites were prepared to compare the 
ion-exchange abilities (Figure 5-13, Figure 5-14 and table 2).  
 
 
Figure 5-13 FE-SEM images of (a) SSZ-13 and (b) zincoaluminosilicate CHA zeolites. 
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Figure 5-14 Powder XRD patterns of (a) SSZ-13 and (b) zincoaluminosilicate CHA zeolites. 
 
Table 2 Chemical compositions, micropore volumes and particle sizes of SSZ-13 and Zn,Al-CHA 
samples used for comparison in the ion-exchange experiments  
 
Si/(Al+Zn)a Si/Ala Si/Zna Zn/(Al+Zn)a Vmicrob/cm3 g−1 Particle sizec/μm 
SSZ-13 13.2 13.2 n.a.d n.a.d 0.28 1–2 
Zn,Al-CHA 6.2 10.5 15.3 0.41 0.19 1–6 
aDetermined by ICP-AES. bMicropore volumes calculated by a t-plot method. cObserved by SEM. 
dNot applicable. 
 
 K+ and Ni2+ cations were used as model monovalent and divalent cations, 
respectively. As shown in Figure 5-15(a), the aluminosilicate SSZ-13 zeolite reached 
86% ion-exchange efficiency after 48 h. In contrast, the zincosilicate CHA zeolites 
exhibited slower ion-exchange rate and the ion-exchange efficiency became 31% for 
Zn-CHA1 (Si/Zn = 12.8) and 52% for Zn-CHA2 (Si/Zn = 18.2) after 48 h. Note that the 
ion-exchange efficiency was calculated by assuming that Zn in the framework generates 
two negative charges per Zn atom (i.e., closed Zn sites). This slower ion-exchange rate 
may be due to the larger particle sizes of the zincosilicate CHA zeolites and the 
structure constrain arising from the high density of the negative charges in the 
structures. 
 The benefit of Zn in the zeolite framework for ion-exchange of divalent cations 
was demonstrated using Ni2+ because Ni2+-exchanged zeolites are promising catalysts 
for dimerization and oligomerization of olefins.152,182 As shown in Figure 5-16(b), the 
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SSZ-13 sample showed very low ion-exchange efficiency (only 6% after 96 h). The 
formation of the paired Al sites is known to be unfavorable in the case of SSZ-13 zeolite 
due to the high charge density of TMAda+ employed for its synthesis.165 As a result, the 
SSZ-13 sample used here is not suitable for ion-exchange of divalent cations. On the 
contrary, the zincosilicate CHA products exhibited higher ion-exchange efficiency (80% 
and 62% after 96 h for Zn-CHA1 and Zn-CHA2, respectively) despite the fact that the 
zincosilicate CHA products have comparable substitution contents to that of 
aluminosilicate SSZ-13 (i.e., similar Si/Zn and Si/Al ratios). The zincoaluminosilicate 
CHA zeolite166 has intermediate ion-exchange efficiency (39% after 96 h), suggesting 
that Zn in the zincoaluminosilicate framework can stabilize Ni2+, while the content of 
the paired Al sites is insufficient for the divalent cation-exchange. 
 
 
Figure 5-16 Contents of ion-exchange versus time of (a) K+ and (b) Ni2+ cations for zincosilicate, 
aluminosilicate (SSZ-13) and zincoaluminosilicate CHA zeolites. 
 
 FT-IR spectra of Zn-CHA2 before and after ion-exchange with Ni2+ are 
depicted in Figure 5-17. The disappearance of the broad band centered at 3630 cm−1, 
presumably assigned to the bridging SiOHZn groups, after ion-exchange confirmed the 
ion-exchange from protons to Ni2+. In addition, no marked absorption band due to the 
Ni–OH vibration, typically appearing at around 3640 cm−1,243,244,245 was observed, 
suggesting that no significant amount of Ni(OH)+ species was formed after 
ion-exchange.  
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Figure 5-17 FT-IR spectra in the region of hydroxyl groups of (a) Zn-CHA2 and (b) Zn-CHA2 
after the ion-exchange with Ni2+. 
 
Effect of thermal treatment on the environment of Ni2+ species was investigated. After 
ion-exchange for 96 h, DR UV–vis spectra of the Ni2+-exchanged Zn-CHA2 and 
Zn,Al-CHA samples showed characteristic adsorption bands correlated to Ni2+ cations 
in octahedral symmetry,246 suggesting the presence of [Ni(H2O)6]
2+ complexes in the 
zeolite samples (Figure 5-18(a)). After thermal treatment under dried air at 600 °C for 6 
h, both Zn-CHA2 and Zn,Al-CHA samples exhibited additional bands at around 260 nm 
(Figure 5-18(b)), attributed to an electronic transition with charge transfer (CT) in 
NiO.32 The position of this O2−→Ni2+ CT band is related to the degree of agglomeration 
of NiO species (note that the CT band for bulk NiO is observed at 320 nm).247 The blue 
shift of this band observed in both samples suggests the formation of small NiO clusters. 
247 The band observed in Zn,Al-CHA was stronger than that in Zn-CHA2 and had a 
broad shoulder between 260 and 350 nm, suggesting the higher degree of NiO 
agglomeration. Collectively, these results suggest that the zincosilicate CHA zeolites are 
superior to the aluminosilicate and zincoaluminosilicate counterparts for ion-exchange 
and stabilization of divalent cations such as Ni2+. 
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Figure 5-18  DR UV-Vis spectra of Zn-CHA2 and Zn,Al-CHA samples (a) after the 
ion-exchange with Ni2+ and (b) subsequent calcination at 600 °C for 6 h. 
 
 As shown in Figure 5-19, the prepared Zn-CHA2 (after removal of TMAda+) 
decreased crystallinity by calcination at 600 °C for 6 hours in air, because some of the 
zinc atoms can be removed from the CHA framework. However, when the zincosilicate 
CHA was calcined after the ion-exchange with Ni2+, the crystallinity was almost 
unchanged. This improved thermal stability is attributed to divalent cation (Ni2+ here) 
placed onto the ion-exchange site of zincosilicate sample, which can protect the 
framework zinc.152  
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Figure 5-20 Powder XRD patterns of products pf (a) Zn-CHA2 zeolite after removal of TMAda+, 
(b) Zn-CHA2 calcined at 600oC for 6 hours in air after removal of TMAda+, (c) Zn-CHA2 zeolite 
after removal of TMAda+ and subsequent ion-exchange with Ni2+, (d) zincosilicate CHA zeolite 
after removal of TMAda+ and subsequent ion-exchange with Ni2+ and calcination at 600oC for 6 
hours in air. 
 
 
5.4 Conclusions 
Zincosilicate CHA zeolites were synthesized for the first time by controlling the initial 
state of Zn in the synthetic mixture. Only the mixture with high homogeneity of zinc 
and silicate species, pure CHA zeolite was obtained, otherwise amorphous phase or 
layered silicate materials are formed. By controlling several synthetic factors, such as 
additional seed crystals, zincosilicate CHA zeolites with various Zn contents (Si/Zn = 
12.8–18.2) were obtained. For the synthesis of zincosilicate CHA zeolite, Li cation is 
needed for the nucleation, but crystal growth can proceed with only TMAdaOH. The 
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obtained zincosilicate CHA zeolites possessed remarkably higher ion-exchange ability 
for divalent cations, demonstrated using Ni2+, compared to that of aluminosilicate and 
zincoaluminosilicate analogs. The thermal stability of zincosilicate CHA zeolite was 
improved by Ni2+ cation in the ion exchange position.  
 It is noteworthy that the approach to prepare homogeneous mixture of zinc and 
silicate for the synthesis of zinc-containing zeolites can be achieved not only by the 
co-precipitation method but by simply adjusting the mixing procedure of raw materials.  
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Chapter 6. General Conclusions and Future 
perspectives 
 
New classes of zeolites with partial substitution of various heteroatoms other than 
aluminum in their frameworks has realized many new applications or shown greatly 
improved properties compared to conventional zeolites. Therefore, synthesis of those 
metal substituted zeolites have continued to be a significant research field. However, to 
achieve the synthesis of metal substituted zeolites, complex procedures and/or 
compounds with high cost and environmental burden are sometimes needed to 
overcome several obstacles such as low solubility of the metal in basic media. Even 
though the product shows remarkable properties, it would be difficult to industrialize 
those methods for commercialization because of the obstacles. 
 Zinc-containing zeolites are promising materials with characteristic Lewis 
acidity and ion-exchange capacity. However, available zeolite topologies and content of 
zinc-containing zeolites is quite limited due to, for example, the different reactivity from 
silicon and aluminum and longer Zn–O bond length compared to Si–O and Al–O. For 
the synthesis, sometimes expensive organic compound as organic structure-directing 
agent or complexing agent to stabilize zinc is needed. In this dissertation, synthesis 
methods for zinc-containing zeolites were developed in various conditions with a focus 
on mixing method of raw materials. This dissertation describes the important factors to 
accomplish zinc introduction to zeolite frameworks in various conditions and broaden 
available zeolite topologies and content of zinc-containing zeolites. The synthesis was 
achieved by focusing on mixing procedures of commonly used raw materials without 
using additional complex compounds. 
 In Chapter 1, a general background of porous materials was described. Then, 
researches about various metal containing zeolites, especially zinc-containing zeolites, 
were summarized. The two main remarkable properties of zincosilicate zeolites, i.e. 
ion-exchange ability and Lewis acidity are described in detail in relation to the different 
zinc sites. Other attempts targeting to introduce Lewis acidity (e.g. Ti and Sn containing 
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zeolites) or increase ion-exchange ability of zeolites (e.g. aluminosilicate zeolites with 
increased paired Al sites) are also summarized and superiority of zincosilicate zeolites 
in some features are described. 
 In Chapter 2, co-precipitation method is demonstrated to be an alternative 
method to prepare zincoaluminosilicate gel with highly dispersed zinc species in 
silicates. The homogeneous zincoaluminosilicate gels were used for the synthesis of 
MOR zeolites and organic-free synthesis of zincoaluminosilicate MOR zeolites was 
demonstrated for the first time. In contrast to conventional synthesis of zeolites, in 
which separate sources of Si and other tetrahedral atoms such as Al and Zn are used, the 
co-precipitated gels contained all tetrahedral atoms, therefore the reaction between zinc 
and silicate species was expected to be promoted to form zincoaluminosilicate zeolite 
frameworks. The successful zinc introduction to MOR frameworks without using any 
organic substances revealed the importance to prepare the homogeneous gels before 
hydrothermal treatment. Importance of aluminum species in the synthesis was also 
suggested. 
 
 
Figure 6-1 Schematic images for organic-free synthesis of zincoaluminosilicate MOR zeolites by 
using homogeneous gels prepared by co-precipitation method 
 
 In Chapter 3, based on the success in the synthesis of zincoaluminosilicate 
MOR zeolites using the co-precipitated zincoaluminosilicate gels, the applicable scope 
of the synthesis of zinc-containing zeolites using the gels was aimed to be broaden 
using ‘composite-building unit (CBU)’ hypothesis which has been developed as a 
strategy to achieve OSDA-free synthesis of aluminosilicate zeolites. Based on the 
hypothesis, *BEA and MFI zeolites which have same CBU as MOR zeolite were 
selected as target zeolites. The synthesis was conducted by adding the seed crystals of 
target zeolites to the synthetic mixture which yield MOR zeolite with the absence of 
seeds. The *BEA and MFI zeolites were obtained by using zincoaluminosilicate gels 
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with Zn/(Zn+Al) = 0.1–0.2, and 0.2–0.8, respectively, while the MOR zeolites were 
prepared by using the gels with Zn/(Zn+Al) of 0.1–0.6. These results suggested that the 
limitation in zinc introduction differs depending of the structures of zeolites. It was 
shown that synthesis conditions such as NaOH/Si ratio and temperature of hydrothermal 
treatment should be optimized to prevent spontaneous nucleation of MOR zeolites 
before the completion of crystallization of the targeted zeolites. This achievement 
showed the possibility to prepare various zinc containing zeolites in an OSDA-free 
manner by applying the CBU hypothesis as OSDA-free synthesis of various 
aluminosilicate zeolites have been achieved.  
 
 
Figure 6-2 Schematic images for organic-free synthesis of various zincoaluminosilicate zeolites 
from co-precipitated zincoaluminosilicate gels by applying composite building unit hypothesis 
 
 In Chapter 4, the co-precipitation method to prepare homogeneous zincosilicate 
gels was further extended to obtain the zincosilicate gels with occluded OSDA in the 
silicate structure by conducting the co-precipitation in the presence of the OSDA. In 
contrast to the co-precipitation using NaOH which yielded zincosilicate gels with 
sodium cation as counter cation, tetraethylammonium (TEA) cation was occluded in 
zincosilicate gels prepared by the co-precipitation in the presence of TEAOH. 
Characterization of the zincoaluminosilicate gels suggested that Zn species were 
homogeneously distributed in the silicate matrix. TEA+ cations were occluded in the 
zincosilicate structure and the existence of TEA+ probably inhibit 3MR formation which 
have been reported to occur in the conditions with high-zinc content. By using the 
zincosilicate gel formed with TEA+, synthesis of *BEA zeolites, which have been 
synthesized by using TEA+ as an OSDA was conducted. Zincosilicate *BEA zeolites 
with higher zinc content compared with the previous reports were obtained with the 
assistance of seed crystals. 
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Figure 6-3 Schematic images for synthesis of zincosilicate zeolites from zincosilicate gels 
prepared by an organic structure-directing agent involved co-precipitation method 
 
 Chapter 5 presents a method to increase homogeneity of zinc and silicate 
species with a particular focus on mixing method of raw materials in liquid phase. Only 
the mixture with high homogeneity of zinc and silicate species, pure CHA zeolite was 
obtained, otherwise amorphous phase or layered silicate materials are formed. For the 
synthesis of zincosilicate CHA zeolite, Li cation is needed for the nucleation, but crystal 
growth can proceed with only TMAdaOH.  
 
 
Figure 6-4 Schematic images for synthesis of new zincosilicate zeolites with CHA topology by 
focusing on mixing procedures of raw materials in liquid phase 
 
 In this dissertation, various methods to synthesize zinc-substituted zeolites 
were demonstrated, by focusing on the mixing procedures. Several general aspects to 
achieve the synthesis of zinc-substituted zeolites were suggested as follows. 
・ Homogeneous zinc and silicate mixture should be prepared before hydrothermal 
treatment to prevent formation of ZnO species in the synthesis both with and 
without OSDAs. 
・ Synthesis of zinc-containing zeolites in an OSDA-free manner can be achieved by 
using seed crystals and CBU hypothesis. 
・ Certain amount of Al is mostly needed for the successful formation of zeolite 
framework with zinc in the OSDA-free manner and zincoaluminosilicate gels are 
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effective to introduce both Zn and Al to zeolite framework. 
・ The use of OSDAs suitable for the targeted zeolite structure helps formation of 
zincosilicate framework and homogenization of zinc and silica source with OSDA is 
effective to increase the content of Zn introduced to the zeolite framework. 
It is important to choose the method depending on the targeted zeolites and 
desired properties. When the co-existence of Al in the framework is acceptable, 
OSDA-free synthesis using zincoaluminosilicate gels described in Chapter 2 and 3 will 
be preferable. For the applications which require pure zincosilicate frameworks, 
synthesis using OSDAs will be adequate. For the simple and cheap OSDAs, 
OSDA-involved co-precipitation method shown in Chapter 4 is applicable. When the 
OSDAs are rather complex and costly, the mixing method focusing on Zn state in 
synthetic solutions will be suitable as shown in Chapter 5. It is important to have the 
choices for various demand in accordance with the conditions and necessities. 
Also, throughout the studies, detailed characterizations revealed characteristic 
Lewis acidic features and remarkable ion-exchange ability for divalent cations of 
zinc-substituted zeolites. The high affinity to divalent cations with negative charges 
generated by framework zinc was clearly shown for the first time by constructing 
mono-divalent ion-exchange isotherms. It was also found that there are two different 
local environments of Zn in the zeolite frameworks with different Lewis acidity. 
 
 The developed methods for the synthesis of zinc-containing zeolites are 
anticipated to be effectively applicable for other heteroatoms such as B, Ga, and Fe, and 
various zeolite frameworks. The generation of new class of zeolites by using the facile 
methods will open the door for many new applications which have not been accessible 
by the existing zeolites or zeolites prepared by complex procedure. Additionally, the 
co-precipitation method will provide the method to prepare zeolites with more than two 
types of heteroatoms incorporated together to the framework, which has been 
considered to be difficult because of the difference in reactivity between the different 
metals. 
 Furthermore, by combining the properties of framework metals and 
extra-framework metal species in ion-exchange sites, advanced materials with new or 
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improved properties compared to the existing one are expected to be provided. For 
example, catalysts with bifunctionality (combined functionalities derived from the 
framework and extra-framework metals) are anticipated to catalyze tandem reactions 
with high selectivity. For example, a zeolite combining both Brønsted acid sites 
effective for alcohol dehydrogenation and ion-exchanged Ni2+ active sites for olefin 
dimerization is expected to realize one-pot ethylene oligomerization reactions from 
ethanol to produce a heavier, more valuable molecules (Figure 6-5 (i)).248 Combination 
of the Brønsted acid sites effective for alcohol dehydrogenation and zinc Lewis acid 
sites will enable, for example, formation of dimethyl terephthalate from biomass 
derived ethanol and dimethyl ester of furan-2,5-dicarboxilic acid thorough Diels–Alder 
cycloaddition–dehydration reactions of ethylene formed by ethanol dehydration (Figure 
6-5 (ii)). 
 
 
Figure 6-5 Schematic images for application of zincoaluminosilicate zeolites by combining the 
activities of framework and extra framework metals. 
 
Furthermore, when the certain location of Zn (and other metals) in the zeolitic 
frameworks are able to be controlled, improvement in catalyst stability and selectivity 
will be achieved by careful tuning of the catalyst active sites. Taken together, the 
methods are expected to provide new approaches in, especially, catalytic applications.  
 The facile methods to incorporate zinc (and other metals) provided in this 
dissertation have versatile applicability, and the simplicity will make it possible to 
produce the advanced zeolites which can really be used in the industry. 
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